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GENERAL PREFACE 

The rapid development of Applied Chemistry in recent years 
has brought about a revolution in all branches of technology. 
This growth has been accelerated during the war, and the 
British Empire has now an opportunity of increasing its 
industrial output by the application of this knowledge to the 
raw materials available in the different parts of the world. 
The subject in this series of handbooks will be treated from 
the chemical rather than the engineering standpoint. The 
industrial aspect will also be more prominent than that of 
the laboratory. Each volume will be complete in itself, and 
will give a general survey of the industry, showing how 
chemical principles have been applied and have affected 
manufacture. The influence of new inventions on the 
development of the industry will be shown, as also the 
effect of industrial requirements in stimulating invention. 
Historical notes will be a feature in dealing with the 
different branches of the subject, but they will be kept 
within moderate limits. Present tendencies and possible 
future developments will have attention, and some space 
will be devoted to a comparison of industrial methods and 
progress in the chief producing coimtries. There will be a 
general bibliography, and also a select bibliography to follow 
each section. Statistical information will only be introduced 
in so far as it serves to illustrate the line of argument. 

Each book will be divided into sections instead of 
chapters, and the sections will deal with separate branches 
of the subject in the manner of a special article or mono- 
graph. An attempt will, in fact, be made to get away from 
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the orthodox textbook manner, not only to make the treat- 
ment original, but also to appeal to the very large class of 
readers already possessing good textbooks, of which there 
are quite sufficient. The books should also be found useful 
by men of affairs having no special technical knowledge, but 
who may require from time to time to refer to technical 
matters in a book of moderate compass, with references to 
the large standard works for fuller details on special points 
if required. 

To the advanced "student the books should be especially 
valuable. His mind is often crammed with the hard facts 
and details of his subject which crowd out the power of 
reahzing the industry as a whole. These books are intended 
to remedy such a state of affairs. While recapitulating the 
essential basic facts, they will aim at presenting the reality 
of the living industry. It has long been a drawback of our 
technical education that the college graduate, on commencing 
his industrial career, is positively handicapped by his 
academic knowledge because of his lack of information on 
current industrial conditions. A book giving a compre- 
hensive survey of the industry can be of very material 
assistance to the student as an adjunct to his ordinary text- 
books, and this is one of the chief objects. of the present 
series. Those actually engaged in the industry who have 
specialized in rather narrow limits will probably find these 
books more readable than the larger textbooks when they 
wish to refresh their memories in regard to branches of the 
subject with which they are not immediately concerned. 

The volume will also serve as a guide to the standard 
literature of the subject, and prove of value to the con- 
sultant, so that, having obtained a comprehensive view of 
the whole industry, he can go at once to the proper 
authorities for more elaborate information on special points, 
and thus save a couple of days spent in hunting through the 
libraries of scientific societies. 

As far as this country is concerned, it is believed that 
the general scheme of this series of handbooks is unique, 
and it is confidently hoped that it will supply mental 



GENERAL PREFACE vii 

munitions for the coming industrial war. I have been 
fortunate in securing writers for the different voUimes who 
are specially connected with the several departments of 
Industrial Chemistry, and trust that the whole series will 
contribute to the further development of applied chemistry 
throughout the Empire. 

SAMUEL RIDEAI,. 



AUTHOR'S PREFACE 

Chemists and engineers who are interested in the alkali 
industry are fortunate in having at hand such a treatise 
as the classical work of Lunge, on " Sulphuric Acid and 
Alkali." This book, which contains a detailed account of 
the industry, is a mine of information, and makes detailed 
references to the older literature superfluous. It is directed, 
however, chiefly to the engineering and technical side of 
the subject, and is also by reason of its size hardly suitable 
for students wishing to obtain a bird's-eye view of the subject, 
especially in its relations to pure science. A really scientific 
interpretation of the various processes used on a large scale 
is not in fact very prominent in the larger treatises. The 
chief points which the author of the present work has kept 
in view have therefore been to give a concise and connected 
sketch of the whole subject, and always if possible to give 
some explanation for the mode of procedure adopted in 
each case. In this way it is hoped that the book may be 
regarded as an introduction to, and also as supplementing, 
the larger and more technical treatises, and that it may also 
be of some interest to the technical expert who wishes to 
keep in touch with the recent applications of pure science 
to the industry. It should also be iiseful to teachers of 
Chemistry. 

It is true that our knowledge on various fimdamental 
questions is still very imperfect, but this has restilted largely 
from the fact that the need for such information has not been 
altogether clearly perceived by the technologists, who have 
therefore failed to enlist the interest of workers in the 
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scientific laboratories. There is also some truth in the 
surmise that some of the problems which are proposed to 
chemists by practical men resemble the famous one pro- 
pounded by the amateur scientist Charles II : " Why does 
a dead goldfish when put into a bowl of water cause the 
water to run over, whilst a live goldfish does not ? " Some 
technical recipes doubtless contain elements of unverified 
difficulty. In other cases the complete elucidation of the 
problem requires more data than we at present possess — a 
striking instance is the chemistry of the Weldon chlorine 
process. The necessary data are partly purely chemical 
and partly measurements of the changes of available energy 
in the processes, which latter haye the significance formerly, 
and even still erroneously, attributed to the heats of re- 
action. 

It was therefore necessary to give an extremely brief 
account of the modern thermodynamic measurement of 
affinity, and to illustrate its appHcation in one or two 
instances. -There is a rich field open for experimental work 
in this direction. 

Of more importance than the explanation of the known 
is the creation of new knowledge, especially as the working 
conditions essential to the success of a process have usually 
to be determined in each case ie novo. In this branch of 
technical research the law of mass action and the principles 
of thermod3m.amics have played a prominent part, and the 
treatment has therefore included these two branches of 
physical chemistry. This branch of modern chemistry has 
not in this country received the attention it merits and enjoys 
in lands where chemical industry is making more progress 
than was formerly the case here. 

The author has endeavoured to follow the excellent 
general scheme of the series laid out by the Editor in his 
introductory remarks. Special attention has been paid to 
the resources and needs of the British Empire, and possible 
future independence of German supplies {e.g. in the potash 
industry). Particular attention has been given to modern 
processes of Nitrogeii Fixation, as far as they concern the 
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present volume. Questions of costs and statistics have not 
been emphasized ; the experts on this side are rarely in agree- 
ment, and the figures as given are usually unreliable. In 
any case they will no doubt be considerably modified in the 
course of a year or two. Such figures as are given, espe- 
cially in connection with Nitrogen Fixation, are believed to 
be reliable. 

The diagrams have been drawn by Mr. G. J. Jones, 
A.R.C.Sc.I., and the author has great pleasure in recognizing 
his valuable assistance. 

The references to the literature donot aim at completeness. 
It appeared preferable to make a careful selection of publi- 
cations which themselves contain complete references to 
earlier literature, and thus save much space. All references 
have been verified, and placed at the end of each section, 
where they are not an annoyance to the reader. It is hoped 
that this plan may have some advantages over the one which 
appears to be coming more into use, of scattering numerous 
references, mostly unverified, throughout the text itself. 

The author would value criticism, or additional in- 
formation from those actually engaged in the industry, with 
a view to improvement of future editions. 

J. R. P. 

February, 1918. 
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INTEODUCTION 

The Alkali Industry in Great Britain. — The manu- 
facture of soda, and the allied industries of Sulphuric Acid, 
Chlorine, and Bleaching Powder, have during the nineteenth 
century acquired an immense importance in the industries 
of Great Britain, the production per head of population 
being still the highest in the world, although the United 
States have recently become the largest nett producers. In 
this respect the pectdiar advantages offering themselves ia 
Great Britain, by the occurrence of the materials required in 
the industry within easy access, make the so-called " Heavy 
Chemical Industry " — chiefly sulphuric acid and alkalies — 
of the greatest importance, and this position is likely to be 
maintained, if not considerably improved, when the re- 
adjustment necessary after the war has been effected. The 
case is quite otherwise with the " Fine Chemical Industry." 
This, which comprises chemicals in a state of purity, syn- 
thetic drugs, and colours, has largely passed into German 
hands, the first branch notably to firms such as Kahlbaum, 
and Merck, the latter to the immense combines known as 
Friedrich Bayer and Co. and the Anilin und Soda Fabrik. 
There is no industrial or economic reason why such products 
should not be made in Great Britain, because the necessary 
raw materials {e.g. coal-tar) exist here in abundance. The 
reason why the colour industry, for example, has largely 
passed out of our hands is probably more likely to be sought 
in the attitude shown in the country to chemical research 
and scientific chemistry in general during the years in which 
Germany has been bvdlding up her great chemical industry. 

B. I 
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This lack of encouragement of scientific chemistry has pre- 
vented any effective co-operation of chemists with manu- 
facturers, without which the latter must necessarily fall 
behind their more enlightened competitors, who have at 
their disposal the latest results of modern science. Since the 
vital importance of chemical industry has been so drastically 
brought home by the war to manufacturers, and indeed to 
the public at large, it is hoped that some change will follow, 
and the chemical industry of the country put on a more 
secure basis than previously. Unless chemical research 
goes hand-in-hand with the new industry, the complete 
failure of attempts to produce fine chemicals, such as aniline 
dyes, drugs, or pure chemicals, may be awaited with certainty 
from the start. The problems confronting chemical industry 
in this country are less engineering than purely chemical, 
and scientific chemistry of a much higher standard than 
has usually satisfied manufacturers is the only thing which 
can put the new industry on a firm and enduring basis. It 
will be a mistake to suppose that a mixture of elementary 
chemistry and engineering will be the necessary equipment 
for the industrial chemists of the future ; it is a much more 
extensive knowledge of chemistry which will be the first 
necessity of the technical chemist. 

The Site of the Alkali Works. — The position for an 
alkali works is regulated chiefly by the conditions that a 
plentiful supply of raw materials must be available in the 
vicinity, and that facilities for transport exist. In other 
words, the points to be considered are mainly raw materials 
and freights. The raw materials are Coal, Salt, and I^ime- 
stone, with Pyrites for the I^eblanc process, and Ammonia 
for the Ammonia-soda process. 

The simultaneous occurrence of the three first-named 
materials has fixed the important alkali works in I,ancashire, 
Cheshire, and the Tyneside. Whole towns are practically en- 
tirely devoted to the alkali industry, and the appearance of 
such " Alkali Towns " is familiar in the north of England. 
If we consider Widnes and Northwich as representative of 
the Leblanc and Ammonia-soda processes respectively, we 
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have before us tjrpical alkali towns. The rows of chimnejre 
emitting black smoke from the unscientific combustion of 
coal, the enormous lead chambers, towers, revolving furnaces, 
waste heaps, with the escaping steam, the noise, and the smell 
of acids, chlorine, and sulphuretted hydrogen, are all familiar. 
These are in marked contrast to such a works as that of 
Cheddes, in the Alps, where water-power and electroljrtic pro- 
cesses are used, and one is struck by the elegant buildings, 
clean and almost silent, which are quite unlike the usual alkali 
works. In this country the engineer is confined to the use 
of carbonaceous fuel, but this is often burnt in the most 
inefficient possible way, and the valuable by-products, such 
as tar and ammonia, are wasted. The use of water-power 
can never become extensive in the British Isles, although 
the utilization of the Falls of Foyers by the British Aluminium 
Company has been successful, and even in America, where 
water-power is abundant, the price is not so low compared 
with fuel as it was at first, owing to the inevitable financial 
manipulation of the use of a perfectly free natural source 
of power when once its value has been demonstrated. The 
use of producer-gas plants, with recovery processes, and 
possibly the gasification of peat, of which immense supplies 
exist in Ireland, together with central power-station schemes, 
may do much in future in the way of providing cheap sources 
of power. In many cases the success or otherwise of a 
process will depend entirely on the possibility of cutting down 
the power costs to a minimum. In any case, one may expect 
increasing competition to draw the attention of manu- 
facturers to these problems. Incidentally, it may be 
mentioned that the Castner-Kellner Alkali Company at 
Runcorn utilize Mond gas-producers in connection with an 
electric power station to generate the electrical energy 
required for the production of electrolytic alkali, and 
apparently with complete success. 

The railways and inland waterways are of the greatest 
importance in fixing the site of an alkali works, and indeed 
of a works of any kind. As an instance one may consider 
the supply^ of limestone from Buxton to the Northwich 
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works by the Midland Railway, and the proximity of the 
great Crewe junction of the I/Ondon and North Western 
line, as well as the facilities for water-borne transport on 
the River Weaver, which communicates with the Manchester 
Ship Canal at Runcorn, and the Mersey at I^iverpool. North- 
wich is in effect an inland port, and has a shipbuilding 
industry. Similar facilities are found at Fleetwood in 
I^ancashire, and on the Tyne. 

The Future of the Alkali Industry. — If we consider 
the main problems and factors which will determine what 
is to be the future of each of the branches of the alkali 
industry, we can probably say that the utilization of the 
Natural Soda deposits of British East Africa depends chiefly 
on transport and freights ; that of the I^eblanc process on 
the cheapness of sulphuric acid and the demand for chlorine 
and bleaching-powder ; whilst the problems confronting the 
Ammonia-soda and Electrol3rtic processes respectively are 
the utilization of the chlorine lost from the salt as calcium 
chloride in the former, and the cheap supply of electrical 
energy in the latter. The energy problem does not mean 
the supply of water-power, as we have already indicated. 

Besides the soda industry, the question of potash supplies 
is one which will demand careful and urgent consideration, 
as the complete dependence on Stassfurt which characterized 
pre-war conditions will no longer be tolerable. The United 
States indeed began to investigate this matter some years 
ago, and are apparently on the way to a satisfactory solution ; 
it should be faced in this country without further delay. 
If the schemes of increased agricultural output are ever to 
materialize, the supply of fertihzers, including nitrates and 
potash, for both of which we are at present solely dependent 
on foreign countries, will have to be assured. The problem, 
as usual, comes back to chemistry. 

The Alkalies. — It was not until 1737 that the difference 
between potash, obtained by the lixiviation of wood-ashes, 
and soda, the base of common salt, was pointed out by the 
French chemist Duhamel. This difference was denied by 
Pott, but was finally confirmed by Margraaf, who discovered 
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the flame reactions, and the reactions with platinic chloride, 
of the two alkalies. Kunkel (d. 1702) had referred to caustic 
ammonia ; the carbonate had long been known under the 
name of spirit of hartshorn, and was prepared by the 
destructive distillation of bones, horn, etc. 

The true nature of the alkalies was however largely 
elucidated by the classical researches of Joseph Black 
(1752). In his time three alkaUes, and a "mild" and 
" caustic " form of each, were known : — 

(i) Mild Vegetable Alkali (K2CO3), obtained by lixivi- 
ating wood-ashes. By treatment with Ume this 
gave Caustic Vegetable Alkali (KOH) . 

(2) Mild Marine Alkah (Na2C03), obtained in Normandy 

by the lixiviation of ashes of seashore plants. 
With lime this gave Caustic Marine AlkaU (NaOH). 

(3) Mild Volatile Alkali ({NH4)2C03), obtained by the 

destructive distillation of bones, and giving Caustic 

Volatile AlkaU (NH4OH) with Ume. 
According to the Phlogistic Theory then in vogue, lime- 
stone on burning absorbs phlogiston, <f>, from the fire, and this 
phlogiston was regarded as the " principle of causticity " : — 

Limestone +^=Quick — or caustic — ^lime 
Mild alkali +^=Caustic alkali 

The process of caustification of mild alkalies by Ume was 
regarded as a transfer of phlogiston from the lime to the 
alkali : — 

(Ivimestone4-^)H-niild alkali =Ivimestone-|- (mild alkali +^) 

Black, however, showed that causticity is due to the 
loss of " Fixed Air " (CO2), because on heating Umestone 
there is a loss of weight, and fixed air is disengaged. If the 
quicklime formed is dissolved in water and treated with 
mild alkali, a weight of limestone equal to the original is 
obtained ; it had therefore been exactly re-formed by taking 
fixed air from the mild alkaU, leaving the latter caustic : — 

CaC03=CaO+C02 
CaO +H2O +K2CO3 =CaC03 +2KOH 
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The same fixed air was obtained by the action of acid 
on mild alkaU as by the action of acid on limestone, and the 
solution of limestone in acid gave the original weight of 
limestone when precipitated with mild alkali : — 

CaCOgH- 2HCI =CaCl2 +CO2 +H2O 
K2CO3 +2HCI =2KC1 +CO2 +H2O 
CaClg+KaCOs ^CaCOs +2KCI 

Up to the time of Davy, the caustic alkalies were regarded 
as elements. In 1807, however, that chemist succeeded in 
decomposing the fused alkaHes by means of an electric 
current, producing for the first time the metals potassium 
and sodium by a method now used on a large scale for their 
manufacture. 

lyithium salts were discovered by Arfvedson in 1817, 
and the metal isolated by Bunsen and Matthiessen in 

1855- 

The rare alkalies csesia and rubidia were discovered by 
Bunsen in i860, during a spectroscopic examination of 
certain rare minerals. 

Many substances other than the alkalies proper give 
reactions which are regarded as characteristic of alkalinity, 
viz. — 

(i) They have a soapy feel, and a corrosive action on 
the skin. 

(2) They restore the colours of various dyes, which are 

changed by acids (litmus, methyl orange, etc.), 
and also give colour reactions of their own (juice 
of violets, turmeric, phenolphthalein, etc.) , 

(3) They neutralize the acids to form salts. 

Thus, the alkaline properties are possessed by the so- 
called AlkaUne Earths, lime, baryta, and strontia, and in 
a less degree by many other substances in aqueous solution, 
such as sodium carbonate, borax, trisodium phosphate, etc. 
The cause of these alkaline properties has been traced to the 
Hydroxyl ion, OH', and since the alkalies are electrolytically 
dissociated very largely into cations and hydroxyl ions, they 
are the alkalies par excellence. 
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Section 1.— THE SALT INDUSTRY 

Common Salt ; Sodium Chloride, NaCl. — Soditun 
chloride has been known from the earliest times. It is very 
widely distributed, occurring in small quantities in all the 
primary {i.e. non-stratified) formations of the crust of the 
earth. From these it has passed by the action of water 
to rivers, and thence to the sea. The deposits df salt found 
in many localities have been produced by the evaporation 
of former seas and lakes. 

Rock Salt occurs in many places in Europe, Asia, Africa, 
and America. Thus at Wielicza (Carpathians) there are 
beds 1200 ft. thick, which have been worked since the 
eleventh century, and the product, as obtained by blasting, 
is almost pure NaCl. In Cardona, in Spain, there are two 
hills of rock-salt each a mile in circumference. In Russia 
the richest deposits in the world occur at Iletzky Zastchit, 
on the left bank of the Ural, in the province of Orenburg ; 
these are 3 sq. km. in area and 140 m. thick. There are 
also deposits in Astrakhan, the Caucasus, Kars, Ekateri- 
noslav, and the Trans-Caspian province. In Germany the 
Staussfurt deposits, near Magdeburg, are important, the 
layers being 3000 ft. thick at a depth of 830 ft. Deposits 
occur in the Alps [e.g. at Salzburg) , and there are twenty mines 
in Sicily. Deposits occur in the Vosges district (I/orraine), 
near Nancy in France, and in China, Africa, Mexico, 
Venezuela, and the United States (New York, Michigan) ; 
in Manitoba and Athabasca in Canada ; in India, where 
there are very pure rock-salt hills in the Punjab, and at 
Kohat, and Mandi. In the British Isles the first deposit 
of rock-salt was discovered at Marbury, near Northwich, 
in Cheshire, in 1670. Many other deposits were found in 



THE SALT INDUSTRY 



this district, the richest being at Northwich and Winsford, 
The Cheshire beds are in the upper Trias formation, probably 
identical with the " Bunter " Sandstone of Stassfurt. The 
top salt-bed at Northwich is 135-150 ft. below the surface, 
is 75 ft. thick, and is followed by the second bed of 105 ft. 
thickness after an interval of 30 ft. of hard marl. After 
this successive thin beds occur. Deposits also occur in 
Lancashire, near Barrow-in-Furness ; at Droitwich and 
Stoke Prior in Worcestershire ; and in Ireland at Carrick- 
fergus, and near I^arne. ■ 

The Cheshire Salt Industry.— The preparation of 
salt from brine springs (as distinguished from rock-salt) was 
carried on in Cheshire during the Roman occupation of 
Britain, lead pans containing only a few gallons being used. 
With the difference that iron pans holding several thousand 
gallons of brine are now used, the modem process of salt- 
making carried on in Cheshire is almost the same as that of 
the Romans. A shaft of 10 ft. diameter is sunk to the marl, 
and the latter tapped by a bore-hole. If no natural brine 
is found, water is let down ; the dense brine formed sinks 
and is pumped from the bottom through large iron pipes 
to the works. More water flows in, and large cavities are 
produced, often causing serious subsidences of land in the 
district. The effect of these subsidences may be seen at 
any time in Northwich, where houses or rows of houses 
often tilt over and are sometimes destroyed. 

The composition of Northwich brine is usually : — 



Sodium chloride . . 


25790 per cent 


Calcium sulphate 


•450 „ ., 


Magnesium chloride 


•093 „ ., 


Calcium carbonate 


•018 „ „ 


Calcium chloride . . 


•044 „ „ 


Water 


.. 73605 ,. ,. 



In Germany weaker brines often occur, and a preliminary 
concentration by spraying over stacks of twigs exposed to 
prevailing winds — so-called " Graduation " — is sometimes 
used. 
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The brine is boiled down in salt pans, made of boiler- 
plate riveted together with angle-irons, set up over brick- 
work flues and fired from below with coal. The pans are 
all placed over the same flue, the smaller ones (25 ft. by 
20 ft. by i|ft.) being nearest the fire. In these the evapora- 
tion is carried on rapidly at 107*5° C., the fine salt separating 
being raked to the side of the pan by the workman using a 
perforated spade, or "skimmer." Every 8-12 hours the 
salt is withdrawn, put into moulds of wood and cooled. 
In this way the mother liquors crystallize and bind the 
whole together into lump-salt, the blocks of which are knocked 
out of the moulds. Table salt is produced by grinding 
these, or by draining the separated fine crystals. To 
prevent deliquescence, due to magnesium chloride, a phos- 
phate may be added (" Cerebos salt "). In Germany the 
salt is dried by centrifugals, and placing in a rotating copper 
cylinder lined with cement, through which hot air passes. 
If moist salt is stacked in heaps exposed to bright sunlight, 
hypochlorous acid is produced by photochemical action, 
and this would give a peculiar flavour to the salt. 

Following the small pans come those of intermediate size 
(40 ft. by 25 ft. by i^ ft.), in which the evaporation occurs 
at 6o°-8o° C, with the production of coarser-grained 
manufacturers' salt, which is taken out every 24-48 hours, 
and shipped or put into railway trucks. 

Fishery Salt is of still coarser grain, and is used in fish 
curing. It is produced by evaporation at 38°-6o° C. in 
larger pans (60 ft. by 25 ft. by 2 ft.), and removed every 
7-14 days. The addition of alum favours the production 
of larger crystals, doubtless by precipitating the colloidal 
substances in the brine, the presence of which favours the 
production of small grains. Conversely, glue and grease 
are sometimes added in small amotmts to promote deposition 
of fine-grained salt. This action is similar to the promotion 
of a smooth deposit of metal in electro-deposition by the 
addition of colloids such as glue, and probably is due to the 
formation of a colloid layer over the very small crystals, 
which prevents further growth. 
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In the largest pans (135 ft. by 30 ft. by 2 ft.) the evapora- 
tion is carried out at 40°-5o'' C, with formation of large 
crjrstals of Bay soli, usually in the form of floating " hoppers," 
which are removed every month. The waste flue gases 
then pass to low chimneys. 

During evaporation the calcium carbonate separates 
as a " sand scale," and the calcium sulphate as a hard 
adherent " pan scale." The pans are therefore cleaned, 
or " picked," occasionally. 

Multiple-effect Evaporators. — In 1839 Jo^ Rey- 
nolds proposed the use of vacuum pans for evaporation of 
brine. At first much trouble was caused by the deposited 
gypsum choking the pipes. The brine is now first purified 
by adding milk of lime, followed by ammonium carbonate : — 

MgCl2+Ca(OH)2=Mg(OH)2 ppt.+CaClg 
CaCOg . C02+CaO=2CaC03 ppt. 
CaSOi + (NH4) 2CO3 =CaC03 + (NH4) 2SO4 
CaClg + (NH4) 2CO3 =CaC03 +2NH4CI 

The ammonia is afterwards recovered from the mother- 
liquors by adding lime and distilling. 

The brine so purified is run into closed pans, and the 
steam generated in the first pan by steam coils or flue gases 
passing through coils, is carried to coils in the second pan, 
the steam generated in which passes in turn to the third 
pan. With three pans, the system is called a Triple Effect 
Evaporator (Fig. i), and so on. The vacuum is maintained 
by a pump P communicating with the last pan Aj, which is 
thus under the lowest pressure, and in which evaporation 
occurs at the low temperature of the steam from the previous 
pan Aj. The pressure increases to the first pan A3, and 
the boiling points are progressively higher. A very long 
leg is attached to each pan, so that the vacuum is balanced 
by the column of brine. The salt separating in the pan 
falls down the leg to an open vessel, from which it is elevated 
to a hopper. After draining in a centrifuge it is 99-8 per 
cent. NaCl. 

In the process of Vis (1898) the CaSOi is precipitated m 
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small crystals, which mix with the salt, by adding CaCl2 to 
the brine. (This precipitation process is an example of the 
law of mass action, of which similar cases are fully considered 







Fig. I. — ^Vacuum Salt Pans. 



at a later stage in connection with caustic soda, and the 
ammonia-soda process, pp. 76, 85.) The salt is washed free 
from CaCl2 by fresh brine, and the washings sent with the 
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brine feed to the evaporators, so that the same CaCl2 can be 
used over and over again. 

In ordinary pans i ton of coal slack (15-20 per cent, 
ash) will produce 2 tons of salt at the rate of 15-20 tons per 
24 hours. In triple-effect pans the same coal produces 
5-6 tons of salt at the rate of 500-700 tons per 24 hours. 
The chief working cost, viz. fuel, is thus reduced, but the 
capital cost of plant is much higher than with the old direct- 
fired pans. Vacuum pans are being used in the Cheshire 
district at Winsford and Middlewich. They are largely 
used at Stassfurt, but of a slightly different type. 

Solar Salt. — I^arge quantities of salt are obtained by 
the evaporation of sea-water, that of the Atlantic and 
Mediterranean containing about 3 per cent. NaCl, together 
with salts of magnesium, potassium, and calcium in smaller 
quantities. The Baltic and Black Seas are poorer in salt, 
whilst the Dead Sea contains 8 per cent., and the Great 
Salt lyake of Utah 20 per cent. NaCl. 

In sunny climates the solar heat is used to evaporate 
sea-water. Thus there are 25 works at the mouth of the 
Rhone and in the Giraud district, and several in Italy and 
Sicily, where over 200,000 tons are produced annually. 
Deposits of salt in various parts of the world show evidence 
of deposition from natural inland lakes. In France and 
Italy solar salt is prepared by puddling a space of flat ground 
on the coast with clay and dividing it up into flat and very 
large basins called salt meadows. The sea-water enters 
the first at high tide and deposits clay, gypsum, etc. It is 
then run into the second pond, where by evaporation its 
specific gravity rises to 25° Be., i.e. 25 per cent. NaCl, and 
pure salt is deposited in this " concentrating pond." The 
remaining liquor is concentrated in successive basins, called 
"crystallizing ponds," where at 27° Be. a 96 per cent. 
NaCl is deposited. In further ponds a salt containing mag- 
nesium sulphate separates, called sel mixte, which is dissolved 
in water and frozen, when Glauber's Salt, Na2S04.ioH20, 
separates, leaving MgCl2 in solution. In the last basin 
camaUite, KCl.MgCl2.6H2O, separates and is worked for 
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KCl . The final mother-liquors are treated to recover bromine 
and iodine by Balard's process (see p. 287). One sq. metre 
will produce 55-72 kg. salt in a good season. Vacuum pans 
have now been installed at Giraud. In Russia (Siberia and 
the North) sea-water is frozen, when pure ice separates. 
The concentrated salt solution is then boiled down. 

Lee's Process. — I^ee, on behalf of the International Salt 
Company at Carrickfergus, Ireland, proposed in 1903 to 
prepare pure salt from rock-salt by fusion in a special 
furnace. The salt, which melts at 815° C, flows away from 
the gypsum, etc., and may be ground and sold directly. 
It is claimed that 12 tons of salt are obtained per ton of 
coal, with a conversion cost of 2s. 6d. per ton. 

Statistics of Salt Production. — ^The total production 
of salt in Great Britain in 1907 was 1,979,000 tons, valued 
at £644,000. 

The productions in other countries about the same time 
were as follows : — 



United States 


. . 3,000,000 tons. 


Germany 


. . 1,841,000 tons (29,000 tons residues). 


Russia 


. . 1,800,000 tons. 


France 


. . 1,200,000 tons (50 per cent, from sea- 




water). 


Italy . . 


• • 473.857 tons. 


Austria 


340,000 tons with 7I million hecto- 




litres of brine. 


China 


. . 1,648,000 tons. 



In 1896 the world's production of salt was over 13 
million tons, and this has probably increased of late. Salt is 
therefore the basis of the world's industries. 
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Section 2.— SULPHURIC ACID 

The Chamber Process. — Previous to 1740, sulphuric acid 
was exclusively prepared by distilling ferric sulphate, 
obtained by weathering pyrites-shale : — 

Fe2(S04)3=Fe203+3S03 

This industry later on was directed mainly to the prepara- 
tion of fuming acid, H2S2O7, the manufacture being con- 
fined to the firm of Starck, in Bohemia. It was given 
up in 1900. 

In 1740, however, Dr. Ward of Richmond introduced the 
process of deflagrating a mixture of sulphur and nitre, con- 
tained in an iron dish set over a pot of water under a large 
glass bell. The fragile glass vessels were replaced by Roe- 
buck, at Prestonpans, in 1746, by lead chambers 2 metres 
wide, and the size of these was gradually increased. They 
were used in France in 1769, and in 1774 l,a Folic employed 
a steam jet in the chamber. A considerable advance was 
possible after the work of Clement and Desormes in 1793, 
who pointed out the importance of a current of air in 
the chambers, and in 1806 these two chemists gave a 
correct interpretation of the reactions occurring in the 
process. 

The use of iron pyrites, FeS2, ^^ ^ cheap source of sulphur, 
introduced by Hill of Deptford, in 1818, and the invention 
of the Gay Ivussac and Glover Towers, in 1835 and 1859 
respectively, rotmded ofE the already important chamber 
acid industry. 

The magnitude of the industry, and its expansion in 
recent years, is well shown by the following table giving the 
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weights of pyrites in looo tons, consumed in the different 
countries : — 



Year. 


England. 


Fiance. 


Russia. 


Germany. 


America. 


1900 


753 


397 





627 


536 


1902 


620 


423 


■ — ■ 


647 


645 


1904 


753 


426 


— • 


678 


620 


1906 


770 


589 


— 


776 


858 


1908 


777 


592 


— 


878 


890 


1910 


810 


— • 


— 


1008 


1007 


1912 


— 


— 


256 


916 


— 


1915 


— 




~ 


~^ 


1359 



The quantities of acid produced in 1910 by England, 
Germany, the United States, and Russia, were respectively 
1,073,000 tons, 1,350,000 tons, 1,349,000, and 200,000 tons. 
In 1908 Italy produced 500,000 tons of acid. The produc- 
tion of acid has considerably increased during the last two 
years. 

The roasting of pyrites and blendes in the Ural district 
in Russia would provide sulphuric acid for treatment of 
the rich phosphate deposits found there : the question of 
artificial fertilizers has lately become acute in that country. 

The larger proportion of acid is still (1918) made by 
the chamber process, even in countries such as Germany, 
where the newer contact process has been largely intro- 
duced. 

The chamber process is briefly as follows : — 

Sulphur dioxide, mixed with excess of air, is produced 
by burning sulphur, pyrites, or other sulphide in suitable 
kilns. The hot gases pass over pots containing nitre and 
sulphuric acid, placed in the flues of the burners (or else 
nitrous fumes are produced in other ways), and then pass 
up the Glover tower, down which streams a mixture of weak 
chamber acid, and "Nitrous vitriol" obtained from the 
Gay I/Ussac tower. The nitrous vitriol is decomposed and 
oxides of nitrogen pass along with the sulphur dioxide, air, 
and some steam formed by the evaporation of the weak 
acid, to the series of lead chambers, where steam, or water 
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spray, is blown in, and the reactions leading to the formation 
of sulphuric acid occur. The dilute acid falls as a spray 
to the floor of the chamber. The acid issuing from the 
Glover tower is fairly concentrated, and passes to the 
concentrating plant. The oxides of nitrogen are recovered 
from the gases at the end of the chambers by passing up 
the Gay Ivussac tower, down which strong sulphuric acid 
trickles. They dissolve in this acid, producing nitrous 

OH 

vitriol (which is a solution of S02"<jq-Q , nitrosulphonic 

acid, in sulphuric acid) , and re-enter the cycle of changes when 
the latter is decomposed in the Glover tower. Fresh oxides 
of nitrogen must, however, be added to make up for loss. 

The theory of the chamber process has occupied the 
attention of chemists from the begirming of the last century 
to the present day. In 1806 Clement and Desormes had 
already recognized that the nitrogen oxides took part in the 
reaction ; they, and later on Davy (1812), suggested the 
following cycle of changes : — 

(1) 2S02+3N02+H20=NO+2S02<^Q^ 

Nitrosulphonic acid is in fact produced in white crystals 
if insufficient steam is admitted (" Chamber crystals "). 

(2) N0+0=N02 

(3) 2S02<^Q_^+H20+0=2S02<QH+2N02 

IvUnge and Naef (1884-5), by analyzing chamber gases, 
found that in the first chamber (slightly red) NO is present 
in excess ; in the other chambers (dark red) NO and NO2 
are present in equivalent proportions, and this mixture 
behaves chemically as N2O3 : — 

N02+NO^N203 

These investigators claimed that N2O3 is therefore the 
carrier of oxygen in the chamber process : — 

(1) 2S02+N203+02+H20=2S02<^g^ 

(2) 2S02<^Q +H20=2H2S04+N203 
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The above are the main reactions. In the first chamber 
the nitrosulphonic acid reacts with SO2, and NO (colourless) 
is produced, which then reacts with more SO2 : — 

(3) 2S02<^Q^+S02+2H20=3H2S04+2NO 
(4) 2S02+2NO+30+H20=2S02<°o^ 

Various other theories, introducing hypothetical inter- 
mediate compounds, have been proposed, but they appear 
to have less experimental foundation than lounge's theory. 
The use of ultra-violet light has also been proposed to 
accelerate the chamber reactions. 

Sources of Sulphur. — ^The sulphur dioxide introduced 
into the chambers is obtained mainly from the following 
sources, in decreasing order of importance : — 

(i) Pyrites, FeS2, sometimes containing CuS ; 

(2) Native sulphur, or brimstone ; 

(3) Zinc blende, ZnS ; 

(4) Alkali-waste, from which sulphur is recovered by the 

Chance-Claus process ; 

(5) Spent-oxide (Fe203 with up to 60 per cent, sulphur) 

from gas-works. 

Iron Pyrites (FeS2, 53'33 per cent. S).— Spanish 
and Norwegian pyrites, containing about 49 and 40 per cent, 
sulphur, respectively, are the richest. Pyrites containing 
copper is generally used, as the recovery of copper from the 
burnt pyrites forms an essential part of the I^eblanc alkali 
industry (see p. 82). Coal pyrites produces tarry matter 
on burning, which is troublesome. A little pyrites is picked 
up on the beaches of the Isle of Sheppey, and pyrites from 
Wicklow in Ireland (40 per cent. S), Belgium (45 per cent. S), 
France (45 per cent. S), and Italy (49 per cent. S, with much 
arsenic), are used. Important deposits occur in Russia, 
Canada, and America. If in lumps, the pyrites is broken 
in a mill into pieces for the burners ; the fine powder 
requires special burners. 

Brimstone. — Most of the sulphur used in Europe 
comes from Sicily. There are, however, deposits in New 
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Zealand, at Whale Island ; in Texas, Chili, Russia, Japan, 
and Central Asia. The American deposits at Louisiana are 
very extensive (40,000,000 tons S), and are worked by the 
Frasch process, which consists in fusing the sulphur deposits 
in situ by superheated water under 6 atmospheres pressure 
passed down a tube ; the melted sulphur is then forced up 
an internal aluminium tube by admitting compressed air 
through a concentric tube, on the emulsator principle (p. 25) ; 
on solidifying this is ready for use. In 1912 the Union 
Sulphur Co. made 280,000 tons of 99*5 per cent, purity 
(containing a trace of oil) by this process. Sulphur is used 
in acid manufacture when special purity, especially freedom 
from arsenic, is required ; as in making invert sugar, or for 
electric batteries (cf. p. 264). 

Zinc Blende. — Blende (20-30 per cent. S) furnishes 
sulphur dioxide as a by-product in roasting for zinc smelting. 
65 per cent, of the Belgian acid was made in this way, and 
in America over 250,000 tons of acid were produced from 
blende in 191 1. If roasted above 900°, no ZnSOi is formed : 

2ZuS +3O2 =2ZnO +2SO2 

Gases from the smelting of lead and copper ores are now 
used to some extent. The roasting of silver, lead, and zinc 
concentrates from Broken Hill, New South Wales, provides 
a considerable amount of SOg available for the production 
of sulphuric acid. 

Production of Sulphur Dioxide. — According to the 
source of sulphur, we have to consider : — 

(i) Brimstone burners. 

(2) Pyrites burners. 

The burner gas contains 6 to 11 vol. per cent, excess Og, 
and from 10 to 11 per cent. SO2 if from brimstone, or 7 to 8 
per cent. SO2 if from pyrites ; 5 per cent, of the total sulphtu: 
is usually present as SO3. The advantages of using brim- 
stone, beside the purity of the resulting acid, are the reduced 
chamber space (about two-thirds) required for the stronger 
gas, and the reduction of labour for the furnaces. Pyrites, 
however, costs only about half as much as brimstone, and 
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the impurities then introduced into the acid do not usually 
matter. (Arsenic is often specially separated.) 

Brimstone Burners. — lounge's double furnace is largely 




Fig. 2. — Pyrites Burner for Lumps. 

used, the sulphur being placed on iron trays supported in 
a furnace. Cold air enters under the trays and regulates 

the temperature. The 
hot gases from the sul- 
phur pass over the 
nitre pots (cf. below). 
Only 2 lbs. S are 
burnt per sq. ft. of sur- 
face per hour on the 
trays. Oddo (1910) 
proposed to burn bri- 
quettes formed of i 
part crude sulphur and 
5 parts ore, giving 50 
per cent. S, but this is 
still too expensive. In 
America Tromblee and 
PauU's rotary kilns are 
used for burning sul- 
phur. They will burn 
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Fig. 3. — Pyrites Burner for Powder. 



600 lbs. sulphur per day, and yield up to 18 per cent. SOg in 
the gas. Sulphur burning is somewhat difficult, as super- 
heating, with distillation of sulphur, may occur. 
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Pyrites Kilns or Burners. — These are designed for : 
(i) lumps, or (2) powder. Those for lumps are ordinary 
brickwork fireplaces with flues and bars (Fig. 2), on which the 




Fig. 4. — Herreshofi Pyrites Burner. 

pyrites is placed, the kindUng being effected by a little red-hot 
coke on the top, the temperature of the gas is 40O°-5OO°. 
The air supply is regulated by sliding doors. For powder, 
Maletra, Delplace, or similar furnaces are used, consisting 



22 ALKALI INDUSTRY 

of a series of heaijths over which powder is raked (Fig. 3) ; 
ignition is started by a separate hearth which is bricked tip 
later, and finally the burnt pyrites falls into a cooling box. 
In the " grate furnaces " as used 10 cwt. are burned in 24 
hours ; in Maletra furnaces 13 cwt. ; or 5 cwt. and 2 cwt. 
per sq. yd. per 34 hours respectively. The Delplace furnace 
is similar. Rotary furnaces (first introduced by Macdougall 
in 1870) are largely used, now of an upright type (Fig. 4) 
(Wedge furnace and HerreshofE furnace), with fixed body 
and trays and rotating scrapers, the shaft being hollow 
and cooled by water or air, and the scrapers having blades 
which push the material to the centre and circumference of 
the trays, alternately. Wedge furnaces will calcine 40 tons 
of pyrites per 24 hours. The burnt pyrites contains 075-3 
per cent. S. It is now heated in revolving kUns with waste 
gas (" Nodulizing kiln ") to remove most of the sulphur, 
and used in the blast furnace for production of iron. 

The gases pass through dust chambers with baffles, or 
a broken brickwork mass, and then to the Glover tower. 
Inclined rotary furnaces are used in some Italian works. 

Nitre. — ^After the pyrites burners come the arrangements 
for introducing the oxides of nitrogen. They are produced : 
(i) From nitre-pots containing a mixture of sodium 
nitrate and sulphuric acid, placed in the flue from 
the pyrites burners to the Glover tower. This 
is the usual method in English works. About 
3 parts of nitre are used for every 100 parts of 
sulphur burnt, 
(ii) By spraying hquid nitric acid, or solution of sodium 
nitrate, into the lead chamber, or adding them to 
the Glover tower. This method is used in many 
Continental works, 
(iii) By oxidizing ammonia mixed with air in a special 
apparatus, in which the mixture is passed over 
a heated catalyst, e.g. platinum. 
For further information on the consumption of nitre, 
see pp. 34 and 238. 

The Lead Chambers.— These are usually made from lead 
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plates free from antimony, weighing 6-7 lbs. per sq. ft. 
(about J in. thick), the edges autogenously welded together 
and having lead straps also welded on for support on a 
wooden framework. The sides are suspended in a large 
flat dish made by turning up the edges of the sheet forming 
the bottom by 1-2J ft. In British works the tops are often 
left exposed ; on the Continent they are roofed in. In all 
cases the sides are protected by wood or corrugated iron 
walls. The chambers are rectangular in shape, 100-130 ft. 
long by 20-30 ft. wide by 16-25 f*- ^S^- If water-spray 
is used instead of steam, they are narrower and higher. 
Chamber capacity up to 150,000 cu. ft. is often used. In 
England all the chambers are of the same size, three or four 
forming a set for one lot of kilns. In France one large, with 
smaller chambers before and after, is used ; in Germany, 
frequently two large and two small. They are connected by 
pipes of 10-12 lbs. lead ; there is some evidence that the 
gases should leave at the top and enter at the bottom. The 
size of chamber depends on that of the Glover and Gay I^ussac 
towers ; with average towers it is 16-20 cu. ft. per lb. S 
burned per 24 hours. Good chambers may last about 10 years, 
with occasional repair. The necessity for using such a large 
reaction space as the chambers follows from the considera- 
tion of the chemical reactions which take place in the forma- 
tion of sulphuric acid. In Lunge's system of equations, all 
the reactions would, so far as we know, take place very 
rapidly except (4), in which the oxidation of NO is concerned. 
This reaction : 

2NO-|-02=2N02 

is fairly slow, especially when the NO is diluted with a large 
volume of air, and it would require an appreciable time of 
contact. Again, if the chamber space were unduly reduced, 
the formation of " chamber crystals " or soUd nitrosulphonic 
acid might occur, which, if afterwards hydrolyzed in contact 
with the lead, would lead to corrosion of the latter owing to 
formation of nitric acid. If the acid in the chambers is too 
dilute (below 40 per cent.) nitrous oxide and even nitrogen 
are produced from the NO, and as these pass unchanged 
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through the Gay I/Ussac tower, a loss of oxides of nitrogen 
results. This is, in fact, the case to a small extent even in 
correct working. Possibly these are derived from the 
decomposition of oxygen compounds of sulphur and nitrogen 
formed in the chambers : 

N203+2S02+H20=2HS03NO 
2NO.SO3H +H2O =2H2S04 +N2O 

Nitrososulphuric acid, HSO3NO, is, however, a hypo- 
thetical substance. 

Steam is admitted to the chambers from a boUer ; the use 

of steam has lately declined, 
Sprengel's water-spray sys- 
tem having been success- 
fully used in England ; it 
has for some time been 
used in German works {e.g. 
Griesheim). The draught 
through the system is pro- 
vided by a chimney, or 
leaded-iron fans, or blowers, 
usually placed between the 
last chamber and the Gay 
lyussac tower. 

The chamber acid con- 
tains 60-70 per cent. H2SO4. 
The Gay Lussac 
Tower. — This is made with 
lead walls of 8-io-lb. lead, 
with a " turned-up " lead 
bottom of iz-i8-lb. lead, packed with coke, etc., and the 
lower part lined with blue bricks without mortar. It is 
built up in brickwork, is 4-10 ft. wide and 30-50 ft. high, its 
cubic content being at least i per cent, that of the chambers. 
The coke packing, although most used in England, tends to 
disintegrate, and cylinders, or balls, of acid-proof stoneware 
are coming into use. Acid is sprinkled over this packing by 
a kind of " Barker's Mill," or an intermittent siphon tank, 
being forced up to the top by an " acid-egg " (Fig. 5), an 




Fig. 5. — Acid Egg. 
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" emulsator " (Fig. 6), 01 by centrifugal multi-stage pumps. 
The acid should not be weaker than 144° Tw., and the 
temperature not higher than 30° C. : 

N2O3 +2H2S04=2HNS06 +H2O 

The " Nitrous vitriol " formed contains 1-2 per cent. N2O3 ; 
if excess of SOg is used, a purple acid, HgSNOs, is formed. 




mmm 
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Fig. 6. — Emulsator. 

In new plants, two or more Gay I<ussac towers are usually 
erected. 

The Glover Tower. — This (Fig. 7) is exposed to a 
higher temperature than the Gay I^ussac tower, and is more 
strongly built of 14-18-lb. lead sides and 35-lb. lead bottom, 
and is lined with acid-resisting bricks or volvic-lava without 
mortar, 2 ft. 3 in. thick at the bottom, 18 in. above the 
grating, and 4 J in. at the top. The packing is usually flints 
or acid-proof blocks ; or in America, quartz rock, and on 
the Continent, volvic-lava. I^arger lumps are placed at the 
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bottom of tlie tower. lounge's special plate packing is 

also used. The height is 20-30 ft., but the volume is made 

equal to that of the Gay I^ussac by increased section, e.g. 

g-io ft. square. The gases enter through a cast-iron pipe. 
There are two storage tanks on the 
top, one for nitrous vitriol, the other 
for chamber acid, and the two streams 
mix in a distributing box before pass- 
ing down the tower. The hot con- 
centrated acid (about 76 per cent.) 
leaves the " saucer " at the bottom by 
a lip, passing through siKca, or lead, 
cooHng coils. The temperature of the 
entering gases is 300°-400° ; that of 
the exit gases is 50°-8o°. If two 
towers are used, the first removes 
dust. Some acid is produced in the 
Glover tower, since the elimination of 
oxides of nitrogen occurs chiefly ac- 
cording to lounge's third equation, i.e. 
reduction by SO2 ; about ten times as 
much acid is produced as in an equal 
volume of chamber space. 

Method of Working a Chamber 
Plant. — The chambers are luted with 
90°-ioo° Tw. acid at the start (not 
water), and excess nitre is used till the 
gases show a distinct colour with the 
pyrites kilns working. The Gay I^ussac 
tower and steam are then started, and 
the nitre reduced to a minimum. The 
strength of the chamber acid is kept 
at I20°-I25° Tw. (England), or io6°~ 
110° Tw. (Continent). The chemical 

change is most rapid in the first half of the first chamber ; 

it then slackens, but revives in the second (due to mixing 

in the pipes and cooling). 

The exit gases are analyzed as they pass out of the Gay 




Fig. 7. — Glover Tower. 
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Lxissac tower, as well as the acid produced, which is collected 
from the chambers by " drip-pipes." (For analytical control 
see Ivunge and Hurter, "Alkali Makers' Handbook," p. 98.) 
In successful working the following conditions are satisfied : — 





First chamber. 


Second and intermediate chambers. 


Last 
chamber. 


Colour : 


Colourless 


Reddish-yellow (" pale " gases 


Dark 






indicate shortage of nitre, 0„ 


red 






or steam) 




Temperature : 


80 


60° 


40° 


Pressure : 


slightly >atm. 




slightly 
<[atm. 



The yield should be about 98 per cent, conversion of the 
sulphur burnt as pyrites. 

Modern Chamber Systems. — (i) Tangential Chambers. 




Fig. 8. — Tangential Chamber. 

Th. Meyer in 1898 overcame the difficulty of mixing (and 
consequent excessive space required) in ordinary chambers, 
by using circular chambers (Fig. 8), and allowing the gases 
to enter tangentially so as to produce a spiral flow. Only 
two-thirds the space is then needed, and less lead is required 
for the same volume, on account of the shape. Five such 
towers in series may be used. In 1903, such chambers with 
a capacity of 360,000 cu. ft. had been erected, producing 
160 tons H2SO4 per day ; each cu. ft. produced about i J lbs. 
H2SO4 per 24 hours. Circular chambers, with water cooling. 
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have also been installed in some English works, without the 

spiral flow system (Mills Packard system). 

(2) Folding's Single Chamber (1909) . — ^A New York patent 

in which a single chamber i| 
times as high as broad, is 
used, and the gases cooled 
before entering the Gay Lussac 
tower. It has long been the 
practice in some European 
works to use tall chambers ; 
40 per cent, saving of lead 
is claimed. This system is 
said to be working satisfac- 
torily in America. 

(3) Lunge and Rohrmann 
Plate-Towers. — In 1887 lounge 
proposed to economize cham- 
ber space by the use of towers 
with perforated porcelain discs 
(Fig. 9). In 1893 the use of 
such towers had become ex- 
tensive, in conjunction with 
chambers. 100 cu. ft. of tower 
space produces as much acid 
as 750 cu. ft. tangential, of 
11,000 cu. ft. rectangular 
chamber space. They offer 
an increased resistance to the 
gas flow, requiring an aspira- 
tor at the end of the system, 
and their initial cost is much 
higher than for chambers for 
equal production. 

(4) The Opl Tower system 
is a series of six or eight such towers in series, without 
chambers. Such systems were successfully used at Grie- 
sheim in 1909, and are working satisfactorily in two English 
works. In the latter, six towers are used, the first three on 




Fig. 9. — Plate Tower. 
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the Glover principle, and the last three as Gay I^ussac 
towers. Water is added to the second, third, and fourth ; 
fresh nitric acid to the second tower. All the acid passes 
through the first tower, and thence to coolers. The exit 
gases are scrubbed. 

In tower systems the chemical reactions occur in the 
liquid passing through, not in the gas, as in chamber pro- 
cesses, hence the saving of space. The ordinary chamber 
space is from 10 to 19 cu. ft. per lb. S burnt per 24 hours ; in 
the Opl tower system this is reduced to 2 cu. ft. 

Reports of the working of the new chamber and tower 
systems are satisfactory ; these improvements have doubt- 
lessly strengthened the position of the chamber system, as 
opposed to the newer contact process, for the manufacture of 
sulphuric acid. In the liquid phase the reactions occurring 
are probably (4) and (3) of lounge's scheme, alternately. 
According to Trautz, the formation and hydrolysis of nitro- 
sulphonic acid in solution occur practically instantaneously. 

Purification of Sulphuric Acid. — ^Arsenic is removed 
by treating the chamber acid with sulphuretted hydrogen 
(prepared from ferrous sulphide and dilute sulphuric acid) 
either in towers or in Davis's de-arsenicator plants, which 
consist of closed tanks with agitators. The precipitated 
AS2S3 is filtered ofE through porous earthenware plates by 
suction or pressure ; nitrogen oxides, antimony, lead, and 
presumably selenium, are simultaneously separated, and 
only a little iron is left in the acid as impurity. This iron 
may separate as ferric sulphate during subsequent concentra- 
tion and give trouble. Another process is to add a little 
hydrochloric acid, and blow out the volatile ASCI3 from the 
strong acid, or remove it by shaking with tar oils, when a 
kind of soap is produced. 

Concentration of Sulphuric Acid. — The weak acid 
from the chambers, about 65 per cent. H2SO4, is concen- 
trated in the Glover tower to 78 per cent., and acid of this 
strength may also be obtained by evaporating chamber acid 
in lead pans, the heating being effected either by hot gases 
passing over the surface, or by heating imderneath, in which 
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case the lead pans are protected by iron plates. With 
3 pans, 6 ft. by 3 ft. by i ft., 3 tons of acid may be concen- 
trated in 24 hours with half a ton of coal. Further concen- 
tration of the 78 per cent, acid is then carried out in various 
ways. Concentration of acid over 93 per cent, may be done 
in large cast-iron pots with lead rims. Up to 93-98 per cent, 
special apparatus is required. 

The thermal efi&ciency of a concentrating plant may be de- 
termined on the following lines (cf .A. W. Porter, Trans.Faraday 
Soc, 1917, for most recent data) . The total heat required for 
concentration may be regarded as composed of three parts : — 
(i) The heat required to raise the dilute acid from the 
temperature at which it is supplied to the tempe- 
rature of concentration (Qg) ; 
(ii) The heat of dissociation into strong acid and free 
water, which is the same as the heat of dilution (Qn) ; 
(iii) The heat of evaporation of the water (Qj,). 
If it is assumed that these are independent of temperature, 
a very rough approximation to the total hpat may be obtained 
from the following table (C.H.U.=heat required to raise 
I lb. water 1° C.) :— 



Concentration of acid. 








Q total for mass 




Qa- 


Qd- 


Qy 


containing 






°T„. 


% HjSO,. 








I lb. HjSOj. 


168 


96 


103 


_ 


2-12 


105-12 


155 


84-5 


104 


64 


955 


263-5 


130 


73-1 


107 


95 


196-0 


398-0 


III 


64-5 


108-5 


"3 


2QI-0 


512-5 


lOI 


6o-o 


116 


124 


349-0 


589-0 


84 


52'2 


138 


133 


488-0 


7590 


61 


400 


193 


153 


7950 


II41-0 


57 


37'7 


211 


152-5 


88o-o 


1243-5 


29 


20-O 


44° 


173 


2120-0 


2733-0 



Various types of concentrating apparatus have been 
in use at different times, many of which are now practically 
obsolete. Among the older forms may be mentioned — 

(i) Glass retorts, in which the acid is boiled, either 
single retorts (Chance Bros., Oldbury), or retorts 
in cascades (Gridley). 
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(ii) I^arge glass beakers with lips, in cascade similar to 
the cascades now used (Webb, I^evinstein). 

(iii) Platinum, platinum-iridium, or gold pans, in the 
form of flat pans with corrugated bottom. Kessler 
used a platinum dish with a lead cover. These 
expensive plants are now going out of use, the 
metal being sold or used in the contact process as 
a catal5rtic material. 

The methods largely used at present are of three tjrpes : — 

(i) Kessler's Process. 

(2) The Cascade Process. 

(3) The Gaillard Tower. 

Kessler's Process. — Hot gases pass over the surface 
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Fig. 10. — Kessler Concentrating Apparatus. 

of the acid contained in a shallow trough of volvic-lava, or 
acid-resisting stone, enclosed in a thick lead jacket (Fig. 10). 
Strong acid is left, and the fumes pass on to a tower formed 
in the lower part of lava and in the upper part of lead, where 
they give up sulphuric acid to descending weak acid, steam 
passing on. Kessler's apparatus gives very satisfactory 
results when only small quantities of acid are dealt with, 
and is tised in several English works. 
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The Cascade Process. — The acid flows down a cascade 
(Fig. ii) of porcelain beakers, silica basins, or pans of acid- 
resisting metal. Porcelain beakers are attacked, and 
silica may develop fine cracks. Acid-resisting metals used 
are ironac (passive iron rich in sihcon and poor in carbon, 
made by Haughtons' Metallic Packing Co.), narki (Varley 
& Co.), and tantiron (iron and 15 per cent, silicon made by 
the I/cnnox Foundry Co.). 

The vesels are arranged on a kind of stairway, in pairs, 
the non-metallic kinds resting on asbestos rings in iron 
saucers, and are heated below by flues. The acid rvms down, 
and hot air sweeps up over its surface. The hot concen- 




FiG. II. — Cascade Concentrating Plant. 

trated acid from the last step goes through a lead cooler to 
a lead storage tank. Troublesome bumping is often caused 
by ferric sulphate separating out at a certain stage of the 
cascade. 

The Gaillard Tower (1906) is the most efficient 
method when large volumes of acid are dealt with, and is 
being introduced in large numbers. The acid is sprayed 
by three Korting jets down an empty sUghtly conical tower 
(Fig. 12) built of volvic-lava, or acid-resisting bricks set in a 
special manner with acid-resisting mortar, and hot gases 
from a coke furnace, freed from dust, and containing as 
little carbon monoxide as possible, pass up the tower. The 
fine mist of acid falls down on to a baffle of acid-resisting 
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stone, and the liquid then drops into the lower part of the 
tower, which is luted with lead. This concentrated acid 
runs out into a lead settling tank, in which mud settles out. 
The acid then runs out through a pipe into a lead tank in 
which is a lead cooUng spiral. The gases passii^ out of 
the tower pass through a recuperator, which is a smaller 




Fig. 12. — The Gaillard Tower. 

empty lead tower, down which a spray of weak acid is passed. 
About half the acid to be concentrated is passed down the 
recuperator. The final gases are scrubbed in lead boxes filled 
with wet coke, or passed through a Cottrell electrostatic 
precipitator, in which the acid mist condenses to liquid. 

The gases enter the main tower at 900°-i050°; those 
leaving the recuperator are at 200°. Secondary air is 
admitted in the flue passing from the furnace to produce 
the maximum amount of CO2 ; the gases entering the tower 
contain 12-15 per cent. COg. 24 cwt. coke are used in 
B. 3 
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a charge with the furnace working discontinuously ; with 
producer gas firing continuous working is obtained. A 
tower 60 ft. high and 6 ft. diameter produces 40 tons 
95-96 per cent, acid per day, with a loss of 3-5 per cent, 
due to leakage, and loss of SOg and SO3 in the exit gases. 
The exit gases from any concentrating system must not in 
England contain more than if grains SO3 per cu. ft. The 
losses in cascade systems may amount to 15-20 per cent. 
The consumption of fuel in the tower is about i| to 2 cwts. 
coke per ton of 96 per cent, acid produced. 

Losses in the Chamber Process. — 100 parts of sulphur 
burnt in the kilns as brimstone or pyrites should yield 306J 
parts of H2SO4, but in practice the yield is less, owing to 
loss from the following sources : — 

(i) Incomplete removal of sulphur, from the pyrites, or 
subUmation of sulphur. 

(2) I/cakage in working the burners, or from the chambers, 

towers, etc. 

(3) Escape of SO2, or uncondensed H2SO4, in the exit 

gases. 

The actual yield is usually 278-285 parts H2SO4 per 

100 S burnt as pyrites, and 290-300 when burnt as brimstone. 

The consumption of nitre varies for the different systems ; 

it has been estimated as follows, per 100 parts of sulphur 

burnt : — 

(i) Ordinary chamber process without Gay Lussac 
towers : 10 parts. 

(2) Ordinary chamber process with Gay lyUssac towers : 

2*5-4 parts. 

(3) Meyer's tangential chambers : 27 parts ; with 

intermediate towers, fans, and water-spray instead 
of steam : i-8 parts. 

(4) Niedenfiihr system with plate-towers : 2'2-2'45 

parts. 

(5) Falding's chamber : i-i"5 parts. 

(6) Opl tower system : 2-25 parts. 

The Law of Mass Action and Applications of 
Thermodynamics. — According to the earlier ideas of 
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chemical affinity, a chemical reaction was the result of the 
play of the affinities of the various elements, or groups, in 
the reacting substances. Thus, the reaction — 

NaCl+H2S04=NaHS04+HCl 

proceeds because the affinities of Na and HSO4 and of 
H and CI are greater than those of Na and CI and of H and 
HSO4, respectively. It follows at once that if a chemical 
reaction commences, it should go on to the end, because so 
long as the affinities can act, there is no reason why they 
should not do so. Speaking generally, if we consider the 
simple case — 

AB+C=AC+B 

if the affinity of C for A is greater than the affinity of B for A, 
then C will displace B completely from the compound AB. 
This is Bergman's theory of affinity (" Essay on Elective 
Attractions," 1775). 

It was foimd, however, particularly in the researches 
of Berthollet (" Chemical Statics," 1803), that most chemical 
reactions do not go to completion. Thus, in the caustifica- 
tion of mild alkali by lime, the reaction — 

(i) K2C03+Ca(OH)2=2KOH+CaC03 

is not quantitative ; some carbonate is always left. Further, 
if calcium carbonate is boiled with caustic alkali, some 
mild alkali is formed : 

(2) 2KOH+CaC03=K2C03+Ca(OH)2 

Reactions are therefore generally incomplete, and 
reversible. This result alone is sufficient to disprove Berg- 
man's theory, but Berthollet made a further discovery of 
fundamental importance. He found that the extent of 
decomposition depended on the quantity of the reacting 
substance, present in a given volume, which was available 
for reaction — a factor which he called the active mass. Thus, 
if we pour off the solution containing KOH and K2CO3 in 
reaction (2), when it has ceased to react any further, or, as 
Berthollet said, when it is in chemical equilibrium with the 
solids, and replace it by a fresh solution of KOH, then 
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further decomposition occurs, and by repeating the process 
the CaCOj may be completely converted into Ca(0H)2. 
BerthoUet therefore clearly realized that the mass of a 
reacting substance has an important effect on the course of 
the reaction, but unfortunately he did not know how to 
specify the " active mass " so as to lead to quantitative 
conclusions. This was reserved for Guldberg and Waage 
(1867), who succeeded in expressing BerthoUet 's conceptions 
in a mathematical form. The resulting I^aw of Mass Action 
is undoubtedly the basis of all modern chemical industry on 
its scientific side. Thus, if a certain product is to be made 
by a chemical process, the first thing which would be done 
is to write down the stoichiometric equation, showing the 
course of the reaction. Thus, if it is desired to prepare 
ammonia from its elements, we have the equation — 

N2+3H2=2NH3 

This, however, does not give us the slightest information 
on the most important points, first of all whether the reaction 
is possible at all, and secondly, if it is, what will be the yield. 
Without some guidance we should consider the yield as 
quite fortuitous, or at best the result of following empirical 
rules — as is still largely the case in Organic Chemistry. By 
means of the law of mass action we can foresee the whole 
possibilities of a reaction, provided we have made one or two 
equilibrium measurements at different temperatures. This 
will be explained further on ; a short account of the law of 
mass action will first be given. 

Guldberg and Waage showed that a suitable specifica- 
tion of the active mass is the concentration of a component, 
this being the number of molecular weights per unit volume ; 
e.g. the number of gram-molecules per litre, or shortly, the 
number of mols per litre. 

If we denote the equilibrium state, when no further 
chemical change takes place, by the equation — 

AB+C^C+B 
to take a simple case, then it is found that in this state all the 
reacting substances, AB, C, AC, and B, are present in finite 
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amounts. Some of these amounts may be very small ; 
thus in the reaction — 

BaCla H-HaSOi^BaSO^ +HC1 

in aqueous solution, traces of BaCla and H2SO4 are always 
present. Guldberg and Waage further pointed out that 
this equilibrium state is attained, not by the absence of any 
chemical change at all, but by the simultaneous occurrence 
of the forward and reverse reactions — 

AB+C->AC+B 
AG+B-»AB+C 

so that as much of any one substance, say AC, is formed in 
a given instant by the direct reaction as is used up again by 
the reverse reaction. Hence the use of the. symbol " ^ " 
This conception has been verified by experiment ; to take 
a well-known case, the rates of formation and decomposition 
of hydrogen iodide approach equality as equilibrium is 
reached — 

I2+H2^2HI 

If we denote the concentrations of the four substances 
present by [AB], [C], [AC], [B], then the law of mass action 
states that when equilibrium is attained the following 
equation holds good : — 

[AB] [C] = [AC] [B] X Constant 
_, [AC][B] _^ 

°' [A^[C]-^°'''*^''^ 

Generally, if we have the reaction — 

«lAi+«2A2+«3A3+ . . . =«i'Ai'+«2'A2'+M3'A.3'+ • • • 

in which «i molecules of Ai react with n^ molecules of A2, 
and so on, to produce %{ molecules of Ai', and so on, the 
law of mass action may be expressed in the form — 

[AxTHTA/l-'TAsT'' • • =Constant=K 
[Ai]-i[A2]"«[A3]». . . . 

More conveniently we can write— 

SMilog[Ai]=logK 

The law of mass action may be deduced theoretically. 
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either on kinetic grounds, or from the principles of thermo- 
dynamics (see, for example Partington, "Thermodynamics," 
pp. 322 et seq.). It must be emphasized that it only dis- 
entangles one of the factors which influence the course of 
a chemical reaction, viz. the effect of the varying concen- 
trations of the interacting substances. Among the other 
factors are : the chemical affinities, the temperature, and 
pressure. Thus K is a constant : — 

(i) with given interacting substances ; i.e. affinities ; 
(ii) at a fixed temperature ; 

(iii) at a fixed pressure. 

K is therefore usually a function of all these variables. 
It is, however, usually called the Equilibrium Constant. 

The law of mass action alone is therefore not sufficient 
to give us complete information as to the course of a reaction, 
or the yield, under practical conditions, because it only 
applies, with a constant value of K, to a particular tempera- 
ture. In order to complete our information we must know 
how K varies with the temperature. This is a problem 
which can be solved by a simple application of the principles 
of thermodynamics, and its solution forms one of the most 
useful applications of that science. Thermodynamics is at 
least as useful in applied chemistry as it is in engineering, 
and is rapidly becoming the foundation of modern industrial 
chemistry. Previously, and even in some cases to-day, 
an incorrect theory was in vogue, namely, the so-called 
Principle of Maximum Work of the thermochemists, M. 
Berthelot and J. Thomsen. Stated briefly, this was as 
follows. If the reaction — 

AB+C=AC+B 

is attended by an evolution of heat, then it will occur in 
practice. In other words, if Q denotes the heat of formation 
of AB, and Q' that of AC, then C will displace B from the 
compound AB provided that Q'>Q. 

In place of this incorrect criterion, which is disproved by 
every endothermic reaction, we may use the principles of 
thermodjmamics, in particular the Second I<aw. It can 



SULPHURIC ACID 39 

be shown, in fact, that a process can only occur spontaneously 
when, if suitably conducted, it is capable of furnishing useful 
work. By " useful work " is meant energy in such a form 
that it can be directly and completely converted into the 
potential energy of a raised weight, without any other energy 
changes occurring anjrwhere. In other words, a spontaneous 
process involves the loss by the system vmdergoing the 
process of a store of energy which is convertible under 
proper conditions completely into useful work. Such energy 
is called Available Energy, or Free Energy. Thus, if a piece 
of zinc is placed in a solution of copper sulphate, it passes 
into solution, and throws out copper, because the reaction — 

Zn +CuS04-»Cu +ZnS04 
if carried out in a Daniell's cell can produce an electric 
current, which is directly convertible into useful work by 
means of an electromotor. When the reaction occurs 
spontaneously, however, the available energy is not 
recovered as work, but in the only partially available state 
of heat. 

The Second I^aw of Thermodynamics may be stated in 
the following form : — 

The maximum work obtainable in an isothermal process 
is equal to the diminution of available energy, and is 
independent of the way in which the process is performed, 
provided it occurs isothermally and reversibly. 

It is possible to calculate the maximum work, or dimi- 
nution of available energy, which we shall denote by A, in 
many cases. In particular, when the system is composed 
of gases or dilute solutions, it is given by the expression — 

A=RT log, K-RTS»i log, [AJ 
where the external work due to change of volume, Sw^RT, 
is neglected (cf. " Thermod5Tiamics," par. 144) ; 

R is the general gas constant : 8-315 X 10'' erg/degrees 

C. in absolute units ; 
T is the absolute temperature ; 
K is the equilibrium constant, as defined above ; 
[Ai] is the initial concentration of the first reacting 
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substance, and Wj the number of molecules of it 
which enter into reaction. 
Terms referring to the products of reaction are taken as 
positive, and heat Q evolved during the reaction is taken 
as positive. 

Thus, in the reaction 2H2+02-^2H20 — 

K = [H20]2/[H2]2[02] 

and Q is the heat of formation of water. 

In equilibrium no reaction occurs, hence — 

A=o 

from which follows the law of mass action — 

log, K=tni log, [Aie] 

where [Aje] is the concentration of Ai in equilibrium. 

It is a consequence of the First I^aw of Thermodynamics 
that the heat of reaction at constant volume, Q„, is a function 
of temperature of the form — 

Q»=Qo+SMcic^T (I) 

where Qq is the heat of reaction at absolute zero ; 

ZfiiCi is the algebraic sum of the molecular heat 
capacities of the reacting substances, products of 
reaction being again taken as positive. 
Thus, in the reaction just considered — 

where C„ is the molecular heat at constant volume, itself a 
function of temperature. 

An application of the Second I^aw of ThermodsTiamics 
leads to the equation — 

d log, K _ -Q„ 

dT ~RT2 ^^> 

("Thermodynamics," par. 147). Q„ is positive for heat 
evolved. 

If we substitute for Q„ its value given by formula (2), 
we have — 

^log,K _ Qo + S/wiCit?T 

dt RT2 • • • ^3) 
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which contains the whole theory of the influence of tempera- 
ture on equiHbrium. This equation may be integrated when 
Ci is known as a function of T. In the integration an 
arbitrary constant will enter, which cannot be evaluated 
from the purely thermal data Q and the values of c. Hence 
the value of K at one temperature must be known before we 
can make use of the equation. According to a new theorem 
introduced by Nernst (1906), the value of the integration 
constant can be obtained as a sum of terms depending only 
on the properties of the pure components, which may be 
determined once for all, and are then available for various 
calculations. If I is the integration constant 

I=Sniii 

where ij is called the Chemical Constant of the first com- 
ponent. Tables of these constants have been calculated, 
and an approximation to the equihbrium conditions can be 
made by using them, without making a single determina- 
tion. This method has already found an application in 
technical chemistry ("Thermodynamics," par. 212). 

Theory of the Contact Process. — In the reaction of 
the so-called Contact Process for the manufacture of sulphuric 
acid, which is considered in the next paragraph, we have — 

2S02+02$2S03 

In the equation of mass action — 

2:«ilog[Ai]=logK 

we shall have — 

«!=— 2 ; «2=— I .■ «l'=2 

hence -2 log [SOg] -log [Og] +2 log [SO3] =log K 

[S08]2 



or 



= K 



It is evident that, other things being equal, the yield of 
SO3 is increased in the equilibrium state when either the 
concentration of the SO2 or the concentration of the Og is 
increased, but an increase in the concentration of the SO2 
will have a more marked efEect because the latter enters the 
product as a square. In actual practice, however, the aim 
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is to get the maximum yield of SO3 from a given amount of 
SO2, hence it is necessary to use excess of oxygen, as other- . 
wise unchanged SO2 would pass over with the SO3. 
The equation — 

[SO3] 



[SO2] 



VK[02] 



shows that the ratio of SO3 to SO2 is proportional to the 
square root of the oxygen concentration. 

If we use partial pressures instead of concentrations it is 
easy to show that — 

;/>i=[Ai]RT; 

hence PsoJpso,=T^'Vpo^ 

where K' is constant at a given ternperature. 

The following table gives the values of K', i.e. of 
psojpsoi • Vpo^, for different temperatures : — 



t'C. 


Tabs. 


K' cal. 


K' obs. 


Observer. 


450 


723 


191-4 


187-67 


Knietsch. 


500 


773 


70-0 


72-3 


„ 


515 


788 


53-21 


65-4 


Bodlander 


553 


826 


2748 


24-1 


„ 


600 


873 


I3"30 


14-9 


Knietsch. 


610 


883 


11-48 


10-5 


Bodlander. 


700 


973 


3'55 


4-84 


Knietsch. 


800 


1073 


I-2I 


i-8i 


„ 


900 


"73 


0-20 


0-57 





These results are shown in the curve in Fig. 13. 

The effect of temperature on the value of K is to diminish 
the latter with rise of temperature, a result which follows 
from the equation — 

dT ~ RT2 
According to Berthelot the heat of reaction for 

2S02+02->2S03 

is 45,000 calories at room-temperatare ; hence Qi,=45,ooo, 

, d log- K . 
and — ^ — IS negative. 
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To integrate the equation ^ ^°^ ^ = Z^ we should 

»T RT^ 

have to know the specific heats of SOg, O2 , and SO3 at all 

the temperatures at which the equation is to be applied. 

In the case of SO3, such data are not available. If we 

assume, roughly, that Q„ is constant, we have— 

logj K = ^ + constant . . . . (i) 

Q„ will be, taking Berthelot's figure, 22,500 at the ordi- 
nary temperature ; at higher temperatures it wiU diminish, 
and if we take 22,270 cal. as the mean value, the equation — 

Rlog,K'=??^-20-4 ... (2) 

is found to give values of K' agreeing with experiment. 
R in gram calories -^degrees C. will be I'qSs, and to convert 
common logarithms to natural logarithms we multiply by 
2'3026, hence — 

log K' X 2-3026 XI -985 = ??^ -20-4 
or logK'=4^-4-46 .... (3) 

The values of K' from this equation are shown as crosses, 
the observed values as circles, in Fig. 13. The agreement 
is good. 

The constant 20*4 in equation (2) was found by taking 
an experimentally found value of K' at a given value of T 
and substituting in the equation. If we use Nernst's theorem 
we have to take the chemical constants of SO2, O2, and SO3. 
The latter value is not known, but by assuming a probable 
value, an equation is obtained which agrees fairly well with 
the experimental results. 
The yield — 

SO3 
^"SOa+SOs 
may be calculated from the equation — 
A;S02+;eS03=S03 
.-. {i-ar)S03=;cS02 
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or 
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. S03_ X 



{x-x)Vp 



=K' 



X 



_ kV^ 



from which the yields at various temperatures and initial 
compositions may be calculated. 



/90 
K' 



\o 




600 900 /aoa //oo 

Fig. 13.— The SO,-SOjj Equilibrium. 

If a, b, c are the percentages of SO2, Og, and Ng in the 
initial mixture, prepared by burning pyrites in air, then 
since o-^ax of the b volumes of O2 are used up, and the 
volume is kept constant — 

, b—iax 



100- 



and 



x=- 



-\ax 
K' 
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From this equation Haber calculated the following table, 
which is directly applicable to the contact process operations 
in the works : — 



Composition of initial gas — 

a= 7-0 per cent. SO, 





b = 


= io4 


0, 






c- 


=826 


N, 




Temperature 




K'. 




Maximum equilibrium 


• Centigrade. 








yield SO, x per cent. 


434 




181 




97 


550 




20-4 


. , 


85 


645 




514 


.. 


60 



The yield increases with fall of temperature, and it would 
at first appear as if the best working condition would be 
the lowest possible temperature. Another consideration, 
however, now enters the calculations. 

If SO2 and O2 are mixed together at room temperature 
no appreciable reaction occurs, because the velocity of 
oxidation of SO2 to SO3, is very small under such conditions. 
In the presence of a catalyst, such as platinum, this velocity 
is increased, but even then it does not become sufficiently 
rapid for manufacturing processes until the temperature is 
about 400°. There are two conflicting conditions : the 
equilibrium yield (which is of course unaffected by the 
catalyst) is increased by lowering the temperature, but the 
velocity of reaction, or the jaeld per unit time, is increased 
by raising the temperature. There will, therefore, be an 
optimum temperature at which the best working yield wUl 
be obtained, and this will be arrived at by a consideration 
of the equilibrium and velocity curves. The velocity curves 
have to be determined by experiment, as there is no equation 
known which expresses the velocity of reaction as a function 
of temperature in the same way as that giving the variation 
of the equilibrium constant. The optimum temperature 
has been found to be 400°-450°, and it is very essential to 
maintain this temperature constant during the process, 
otherwise the xdeld falls off considerably. 

Knietsch's curves for various conditions are shown in 
Figs. 14 and 15. Fig. 14 shows the percentage of SO3 in the 
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mixture at different temperatures, each curve corresponding 
with a dijBferent flow rate. By ihcreasing the flow rate the 
temperature for maximum conversion increases, but the yield 




Zone of Formation A 
of SO,. I 



600° TOO* 600' 900^ 

Zone of Decomposition of SOg. 



Zone of no 
Reaction. 



Fig. 14. — Isochronous Reaction, 2S02+302=2S03+20j+22,6ao cal. 

I. 2. 3. jt. 5- Technical burner gas containing 7 % SOa, 10 % O, 83 % N. 
Platinized asbestos in porcelain tube as contact substance ; rate of 
flow being 300, 1000, 2500, 7500, and 20,000 c.c. per minute re- 
spectively. 

6. Platinum contact, pure stoichiometrical mixture. Rate of flow 
7500 c.c. per minute. 

I Stoichiometrical burner gas 
contaming— - ,, 

20 vol. % SO3 
10 ,, O 
70 ,, N 
9. Technical burner gas. Pyrites cinders (FejOj.CuO) as contact 
substance, and 500 c.c. per minute. 

10. Technical burner gas through porcelain tube — bits of porcelain as 

contact substance. Rate=500 c.c. per minute. 

11. SO, through tube filled with bits of porcelain and 500 c.c. per minute. 

12. SO3 through, empty tube and 500 c.c. per minute. 

diminishes, because although the velocity of conversion is 
increased, the percentage of SO3 in equilibrium diminishes. 
In Fig. 14, curve i, it is seen that the reaction begins 
appreciably at 200°, and reaches completion at 420°, after 
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which it falls off, and is negligible at 1000°. Increasing 
flow-rates shown by curves 1-6 in succession, cause maxima 
at higher temperatures, when more and more gas has to be 
dealt with by the catalyst as the flow-rate increases, and 
correspondingly higher temperatures and therefore reaction 
velocities were required, but the yield is smaller on account 
of the lowering of the equilibrium constant K' with rise of 
temperature. 

The curves in Fig. 15 show the influence of time of 



mtso. 




_>>M>/. SC^ 



s L s i y s 
Fig. 15. — Contact Process for SO,. 



contact, or, what comes to the same thing, the quantity of 
platinum catalyst, on the yield. The best temperature is 
seen to be 450°. 

Some experiments on the kinetics of the contact process 
have been made, which seem to indicate that the reaction 
does not occur in the gas phase according to the equation 
for a termolecular reaction, but in a heterogeneous system, 
viz. on the sturface of the platinum, and the velocity is 
largely dependent on the rates at which the gases reach the 
catal3^ic surface by diffusion. 

Sulphuric Acid from Sulphates. — Reference has 
already been made to the old process of making sulphimc 
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acid by distilling iron sulphate, formerly carried on in 
Bohemia. The reaction may be formulated either as — 

2FeS04 =Fe203 +SO3 +SO2 
or Fe2(S04)3=Fe203+3S03 

according to whether ferrous or ferric sulphate is distilled. 
In practice weathered pyrites was used, the product being 
dehydrated previous to distillation, so that probably 
Fe2(S04)3 was the chief constituent. According to Boden- 
stein and Tatsugi Susuki (1910), the first products are SOg 
and O2, which then react in presence of the 1^6203 acting 
as a catalyst, to produce SO3 — 

2Fe2(S04) s^zFeaOs +6SO2 +3O2 
6S02+302;t6S03. 

In the gaseous phase we have — 



PsoJ'P, 



and in the heterogeneous equilibrium — 

Fe2(S04)3;tFe203+3S03 

we have from the Phase Rule a definite equilibrium pressure 
of SO3 at a fixed temperature, because there are three 
phases (solid sulphate, solid oxide, gas) and two com- 
ponents (FcaOs and SO3), hence only one degree of freedom. 
Let Psoj be the equilibrium pressure of SO3 over the 
heated solid, then there is equilibrium when — 



If 'Pso,>pso^V'K.'.pa^, then the sulphate will be decomposed 
with formation of SO3, SO2, and O2. 

Another process which has been used on a large scale 
is that of heating gypsum, or calcium sulphate, with sand 
(Cummings, 1886) — 

CaS04 +Si02 =CaSi03 +SO3 

If gypsum and sand are made into a paste with a little 
water, and heated in an autoclave to 6oo°-8oo° for several 
hours, H2SO4 is formed. 
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According to Cantilena (1914), finely powdered burnt 
gypsum and dried clay are mixed so that the ratio — 

(SiOg+AlaOg+FeaOs) to CaO 

is from 0*43 to 0'5. The mixture is moulded with water 
into small bricks, which rapidly set, and these are heated 
in a furnace to 1600° in a plentiftd stream of air and out of 
contact with fuel. The following reactions occur : — 

At 1000° : CaS04+Si02=CaSi03+S03 

At 1450° : CaS04=CaO+S03 

At 1600° : 3CaO+2CaSi03=Ca6Si209 

The residue is a kind of Portland cement. The gases 
leave the furnace at 500" and are used to dehydrate the 
gypsum at 155° before passing on to the stilphuric acid 
apparatus. If the air is enriched with oxygen, dissociation 
of SO3 is diminished. 

It is alleged that the production of sulphuric acid from 
gjrpsum has been used in Germany recently on a large scale, 
owing to the shortage of pyrites resulting from the blockade. 

The Contact Process for the Manufacture of Sul- 
phuric Acid. — P. Phillips of Bristol proposed in 1831 to 
produce sulphuric acid according to his own discovery, 
by passing a mixture of sulphur dioxide and oxygen over 
heated platinum sponge, whereby sulphur trioxide was 
formed, and absorbing the latter in water — 

2SO2 +02=2803 
S03+H20=H2S04 

His process failed, as the platinum was rapidly "poisoned" 
by impurities in the SO2, and became inactive. 

Squire and Messel (1875), using pure gases obtained by 
Deville's process, i.e. dropping strong sulphuric acid on 
white-hot bricks and drying the gas over strong sulphuric 
acid, made fuming sulphuric acid, H2S2O7, using platinized 
pumice as catalyst — 

2H2SO4 =2H20 +2SO2 +O2 
2802+02=2803 

803+H2S04=H28207 

B. 4 
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Later on, Squire used sulphur dioxide from sulphiur, 
purified by dissolving in water under 4 atm. pressure and 
then expelling by steam, and this process was used in the 
works of the Thann Chemical Co., Alsace (1881). 

Various other minor improvements were made in the 
interval between 1875 and 1898 by several firms, and several 
patents were taken out . Following the advice of C. Winckler, 
however, most manufacturers used the mixture of SO2 
and O2 iu the exact proportions of 2 : i, in spite of the fact 
that excess of oxygen was beneficial according to the law 
of mass-action, enunciated as early as 0:867. '^^^ fi'^st 
impetus to large-scale working came in 1898, when as a 
result oi researches carried out in their laboratories by Dr. 
Knietsch, and by Drs. KJrauss and von Berneck, respectively, 
the Badische Anilin und Soda Fabrik, of I^udwigshaven, 
and Meister I^ucius und Briining, of Hochst, simul- 
taneously took out patents for the use of pyrites gases. 

As a result of this work the important fact came to light 
that the poisoning of the platinum by pyrites gases was due 
to dust and impurities, especially arsenic, contained in them, 
and that if the gases are carefully scrubbed and purified 
before passing to the catalyst, the latter retains its activity 
unimpaired. 

The equilibrium 2SO2 +02^2803 is maintained at 
450° with 94 per cent, of sulphur trioxide ; if air is used 
instead of oxygen so that the proportions of SO2 and O2 are 
the same as before, the yield is 91 per cent., the diminution 
being caused by the dilution with nitrogen. The best result 
is obtained when the oxygen is present in three times the 
theoretical amount, viz. 2SO3-I-3O2, which is almost exactly 
the composition of the gases from the pyrites burners. With 
these gases and a temperature of 400°-45o° a yield of 98 per 
cent, is obtained (Knietsch). A large amount of heat is 
evolved in the reaction (cf. p. 43), and the catalytic mass 
has to be cooled by using a mixture of cold and preheated 
gases, as described below. 

As catalysts the following materials have been proposed : — 

(i) Platinum, in different forms (10 per cent, platinized 
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asbestos, platinized ferric oxide, and in the Grillo process 
platinized magnesium sulphate). 

(2) Oxides and sulphates of iron, chromium, nickel, 
cobalt, manganese, uranium, vanadium, copper. 

(3) Oxygen compounds of aluminium, berylliimi, zir- 
conium, cerium, and didymium. 

(4) Mixtures of (i) with (2) and (3). 

(5) Mixtures of (2) and (3). 

(2), (3), and (5) are used only at high temperatures 
(above 600°). 

The catalytic action of the platinum metals probably 
depends on intermediate oxide formation — 

2Pt+02->2PtO ; PtO+SOa-^Pt+SOg 

that of the oxides on the formation of sulphate — 

2Fe203+6S02H-302-»2Fe2(S04)3-»2Fe203+6S03 

The following is a brief description of the Badische 
process : — 

The gases from the pyrites burners are first treated with 
a steam jet in a dust flue, and are then cooled to 100° C. in 
a tubular lead cooler, after which they are scrubbed with 
water to free them from all traces of mist, and dried with 
concentrated sulphuric acid. They should then show no 
fog in a beam of light. The cooled purified gases are forced 
through the contact apparatus (Fig. 16), which in the 
Badische process consists of a number of vertical iron pipes 
containing 10 per cent, platinized asbestos as a catalytic 
material, the whole being enclosed in an outer iron jacket. 
Part of the gas enters this outer jacket near the bottom, 
and passes upwards over the outside of the catalyst tubes, 
from which it takes heat ; this heated gas then mixes with 
cold gas entering at the top, and by regulating the pro- 
portions of gas admitted above and below, the pre-heating 
is sufficient to cause the reaction to take place when the 
gases pass down through the catalyst tubes. Portions of 
gas may be admitted at different levels to make this 
temperature regulation exact ; in any case it is important 
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to keep the reaction temperature so tliat tlie gases leave 




Fig. i6. — The Badische Contact Converter. 

the contact material at a temperature between 400° and 
450°. 

Various modifications of this apparatus have from time 
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to time been patented, but the process used is essentially 
the same. 

In the Schrdder-Grillo process (Journ. Soc. Chem. Ind., 
1903, p. 348) a very active catalyst is produced by soaking 
magnesium sulphate, MgS04.7H20, in a solution of the 
platinum salt. On heating in the presence of SO2, the salt 
puffs up, and finely divided platinum separates. With 
5 grams of Pt in this form, one ton of " oleum " (H2S2O7) 
is produced per day, with a loss of only 20 mg. Pt. The 
dried gases, usually prepared in brimstone burners, are 
pre-heated to 26o°-28o°, and are passed into the converter, 
consisting of perforated iron trays covered with catalyst 
placed one above the other in a chamber with heat 
regeneration. The temperature is kept at 35o''-400°, and 
the SO3, after cooling, is absorbed in a tower with strong 
sulphuric acid. 

In the Tenteleff process (1911) used at Petrograd and also 
in England, the filtered gases are scrubbed with soda or 
milk of lime to remove HCl, SiF*, etc. ; a heat interchanger 
is used, and the reaction completed by passing through 
several nets of platinized asbestos protected from heat loss. 

The Clemm and Hasenbach process, first used by the 
Verein Chemischer Fabriken of Mannheim in 1898. Pyrites 
burner gas is passed over red-hot burnt pyrites (Fe203 with 
some CuO), when about 60 per cent, of the SO2 is converted 
into SO3 and all the arsenic is retained by the iron oxide. 
The lower conversion as compared with the processes using 
platinum is due to the higher temperature, about 600°, 
required. Gases containing 2-3 per cent. SO2 are produced 
from pyrites in special burners covered with sheet iron to 
prevent entrance of moist air, and air dried in a sulphuric 
acid tower is used. Perfectly dry gases do not react, and 
the amount of moisture must be regulated. The gases enter 
from four flues into a tall shaft (Fig. 17) containing burnt 
pyrites at 600° on a revolving hearth, and 60 per cent, of the 
SO2 is oxidized to SO3, which is absorbed by strong sul- 
phtuic acid. The dry SO2 passing on is further converted 
by platinum in a second converter, often of the TentelefE 
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type. The spent burnt pyrites is separated at the bottom 
of the shaft, and fresh burnt pyrites added at the top. 

The absorption of the sulphur trioxide at first presented 
difficulties. When passed through water the SO3 mist or 
fog is only slightly absorbed, and it was found best to use 
concentrated sulphuric acid for absorption, which is then 
rapid and complete, and fuming acid, or oleum, H2S2O7, 
is formed. Three towers are used, the first containing 98 
per cent. H2SO4, which is enriched to 25 per cent. SO3, and 
then passes to the second tower, where it is brought up to 
60 per cent. SO3. The third tower contains 60 per cent. 




Fig. 17. — Mannheim Contact Plant. 

H2SO4, which is brought up to 98 per cent, for use in the 
first tower. 

The following commercial products are made : — 

(i) Monohydrate, or 100 per cent. H2SO4, melting-point 
10°. 

(2) Oleum, or fuming acid, H2S2O7 or 2SO3.H2O, melting- 
point 34°. 

Pure SO3 melts at 40° ; acids containing from 40-60 per 
cent, excess SO3 and from 70-100 per cent, excess SO3 
are solid ; those containing less than 40 and between 60 and 
70 per cent. SO3 are oily liquids. 

Fuming Sulphuric Acid, or Oleum, H2S2O7, is largely 



SULPHURIC ACID 55 

used for siilphonating organic compounds, in preparing 
nitrating acids, and in bringing weaker acids up to 98 per 
cent. H2SO4 without expensive concentrating plant. It is 
an oily, strongly fuming acid, usually brown in colour owing 
to the presence of a trace of organic matter. It should not 
be kept in cast-iron vessels (which however resist the mono- 
hydrate), as it permeates and cracks them, but is best stored 
and transported in vessels of forged iron, which resist acid 
containing more than 27 per cent. SO3, and these should not 
be closed air tight. On account of the possible liberation 
of hydrogen, empty vessels should not be examined by a 
naked light until the air has been swept out. 

Considerable quantities of acid are made by the contact 
process ; in 1900 the Badische works alone made 116,000 
tons. Many new works have been erected in recent years 
in most countries, including England, as huge quantities 
of strong acid are required in the nitration processes leading 
to the production of explosives. 

The relative costs of production of i ton H2SO4 were 

stated to be, in Germany, for a plant producing 20 tons 

monohydrate daily, as follows : — 

£ s. d. 

(i) Old chamber process with hand pyrites kilns . . i 7 oj 

(2) New chamber process with plate towers and me- 

chanical furnaces . . . . . . . . ■ • 1 3 44 

(3) Contact process . . . . . . . . ..16 loj 

The new chamber processes were then just holding their 
own ; further improvements in the contact process may 
ultimately oust them, although many new plants are in 
course of erection. Another defect of the chamber process 
is that the maximum strength of acid produced by concen- 
trating chamber acid is 98 per cent. H2SO4 ; in modern 
works the chamber and contact processes are worked 
together, when acid of any concentration may of course be 
produced. 
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Section III.— NATURAL SODA AND THE 
LEBLANC PROCESS 

Natural Sources of Soda. — Sodium carbonate occurs in 
many mineral waters {e.g. Vichy water with 3-8 per cent. 
Na2C03). It is also found as an efflorescence, known as 
natron or trona (Egypt) ; or urao (Mexico), produced by the 
evaporation of alkaline lakes. In Lower Egypt several 
thousand tons of trona, Na2CO3.NaHCO3.2H2O, are produced 
annually from trona lakes, exported from Alexandria, and 
used in soap manufacture. This Egyptian natron (formerly 
called nitrum) was known to the ancients, but was not used 
as a detergent. Neither was soap, made from wood-ashes 
and tallow, which was apparently used as a pomade (Pliny) . 
There are also alkali lakes in the desert east and west of the 
Rockies, e.g. Owen's I,ake in California, which is estimated 
to contain 20-50 million tons, and yields soda by simple 
crystallization. Recently, important deposits have been 
discovered in British East Africa, at Magadi, 370 miles 
from Mombasi, which are 30 sq. miles in extent and estimated 
to contain 200 million tons. The Magadi Soda Co., formed 
in 1 91 1, calcine this soda, which gives a " heavy finish " 
(cf. p. 93) ash containing 99 per cent. Na2C03 with a little 
iron, which may be separated. The chief difficulty appears 
to be the cost of transport, but the product is profitably 
sold to China and Japan. 

Ashes of plants growing near the seashore, or salt- 
springs, are rich in soda (plants from the sea itself yield 
chiefly potash) ; such plants are Chenof odium, Salicornia, 
Salsola, etc. Previous to the invention of the I^eblanc pro- 
cess, soda was extracted from the ashes of these plants, and 
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in Normandy and in Spain they are still worked to some 
extent for soda and other products. 

The Leblanc Soda Process. — History of the Leblanc 
Soda Industry. — As already described, the soda used in the 
manufacture of soap, and other industries, was formerly 
produced by burning certain marine plants. 

At the close of the eighteenth century the French 
Academy offered a prize for the invention of a process of 
preparing soda from common salt. In 1787 Nicolas 
I^eblanc, a physician to the Duke of Orleans, discovered 
such a process, which still bears his name, and he obtained 
money from his master to erect a works at St. Denis in 1791. 
In 1793 the Duke was guillotined by the Revolutionaries, 
and the works were closed. During the period of isolation 
following the Revolution the supply of soda in France ran 
short ; the Committee of Public Safety compelled I/eblanc 
to make his process known, and handed over the St. Denis 
works to him. Owing to faiHng means and health, he was 
unable to work the factory, and in 1806 he retired to a 
workhouse, where in his misery he committed suicide. His 
countrymen decided in 1886 to erect a monument to the 
unfortunate inventor, whose work has enabled manufacturers 
in various countries to create a very important and lucrative 
industry. 

After the repeal of the salt-tax in England, the first 
successful alkali works in the country was erected in 
Lancashire by Muspratt in 1823, using the I^eblanc process. 
The soda was sold at an extremely low price in order to 
induce the buyers of natural soda to try the new product. 
Previous to this, Ivosh of Walker-on-Tyne had made some 
soda by the Leblanc process, visiting France during t|ie 
Peace of Amiens (1802) to get the necessary information. 
This industry led to the establishment of sulphuric acid, 
hydrochloric acid, chlorine, and bleaching-powder works, 
and more alkali works were then erected where deposits 
of coal and salt were near at hand — at Newcastle-on-Tyne, 
St. RoUox (Glasgow), Widnes, and St. Helens. These are 
■ still in operation under the control of the United Alkali Co. 
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In 1866 the ammonia-soda process was introduced, and 
owing to competition the price of soda decreased from £13 
to £/\. per ton. At present the I^eblanc process is not 
remunerative for the production of soda alone, but is only 
worked for salt-cake, caustic soda, hydrochloric acid, sulphur, 
and wet-copper extraction. In 1895, with the introduction 
of electrol3rtic processes, another severe blow was given to 
the I/eblanc process. Of late, however, the production of 
salt-cake (Na2S04) for glass-making by the first part of the 
process has increased. Only two I^eblanc works exist in 
Germany. The soda industry in Russia is practicallj' con- 
fined to the Donetz region, where the salt is mined, on 
account of the high transport tariff. 

The Leblanc Soda Process. — The I/cblanc soda pro- 
cess consists of two parts : — 

(i) The salt-cake process, in which sodium sulphate is 

produced by heating salt with sulphuric acid — ■ 
(i) NaCl +H2SO4 = NaHSOi +HC1 (low temperature) 
(ii) NaCl+NaHSOi = NaaSOi+HCl (high temperature) 
I^arge deposits of natural sodium sulphate occur in 
Persia and the Caucasus, as well as in the water of Owen's 
Lake, California (see p. 59). It is, however, nearly all made 
by the salt-cake process. 

(2) The Black-ash process, in which the salt-cake is 
heated with limestone and coal to produce sodium 
carbonate. The work of Kynaston, Gossage, and 
Scheurer-Kestner (1858-1867) showed, as was 
later conclusively proved by Kolb, that the re- 
action occurs, probably in two stages, as follows : — 

(i) Na2S04+2C=Na2S-f2C02 
(ii) Na2S+CaC03=Na2C03+CaS 
Previous theories of the process {e.g. Dumas') are incorrect. 
In the black-ash process the reduction apparently takes 
place by the free carbon taking oxygen from the sulphate 
to form carbon dioxide — 

Na2S04^a2S+202 

2C+202$2C02 
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Carbon can act as areducing agent in three ways, accord- 
ing as it forms CO2, or CO, or CO followed by the combus- 
tion of this to CO2 — 

(i) C+02->C02+97,6oo cal. 

(2) CO+0->C02+68,ooo cal. 

(3) C+0->CO +29,650 cal. 

Reaction (2) is the one usually met with ; (3) is important 
in the blast furnace, and (i) is only concerned in a verj' few 
reactions, including the Black-ash process. The heats of 
combustion per atom of oxygen in the three cases are, 
respectively, 48,800, 68,000, and 29,650 cals. But the 
reducing power of a given process is not accurately estimated 
by the. heat of reaction ; it is the available energy "which 
gives a true measure of the affinity (cf. p. 117), and this 
depends on the temperature and the concentrations of the 
products. The heats of reaction also depend on the tempe- 
rature, and the two magnitudes, heat of reaction Q,, and 
affinity A have been determined for the three cases : — 

(1) C+02-^C02 

Q„=97,278+o-oo4iT2 
A(c.o,)=97.278-i4-63T-o-oo4iT2+4-58Tlog^ 

(2) C+|02->C0 

Q„ =29,988 -3-4T +0-0077T2 
A(c,io,)=29,988+7-82T log T-o-oo77T2-4-6iT 

+2-29Tlog^ 

P CO 

(3) CO+^02-»C02 
Q„=67,29,o H-3-4T-0-0036T2 

A(co,toj =67,290 —7-82T log T— I0-02T— 0-0036T2 

+2-29Tlog^^ 

These equations are of considerable importance in the 
theory of reduction processes, as in metallurgy. If we 
consider, for instance, the reduction of an oxide — 

MO+C->M+CO 
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the process will occur only when the available energy of the 
reaction — 

C+|02-»C0 

is greater than that of the reaction — 
M0-»M+J02 

The available energy of reactions of the second type 
cannot usually be given accurately, as very little work has 
been done on the subject ; one usually considers the heat of 
reaction at absolute zero {T=o), which is equal to the 
available energy at that temperature — 

Another method depends on the application of Nernst's 
theorem ("Thermodynamics," p. 506). 

In the Black-ash process, the heat absorbed in the 
reaction — 

Na2S04=Na2S+202 

is 240,000 cal., which is equal to A at T=o. The process 
occurs in a reducing atmosphere {po^ small) at a temperature 
of about 800°, hence if we put T=iooo in the equation for 
4A(c,o,) we find the available energy to be about 300,000 cal., 
and therefore sufficient to effect the reduction of Na2S04 
to NagS. 

The Salt-cake Process. — In this process, half a ton of 
coarse-grain salt is charged into a large hemispherical cast- 
iron pan, and an equal weight of sulphuric acid, sp. gr. 17, 
from the Glover tower is added from a lead cistern. The pan 
is heated by hot gases from the hearth or muffle, and 65 per 
cent, of the HCl escapes through a fiue and is absorbed 
("pan acid"). The residue is then raked on to an open 
hearth (Fig. 18), or, in more modern furnaces, into a muffle 
(Fig. 19), where the second part of the reaction is completed, 
the mass being stirred by iron rakes. The rest of the acid 
(" roaster acid ") then escapes and is absorbed separately. 
The residue of salt-cake, Na2S04, emitting HCl or SO3, is 
discharged into iron trucks. 

The pan is made of cast iron with a high combined 
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carbon, but low graphite and silicon, content ; it is lo ft. 
in diameter, 2 ft. deep, and about 2j in. thick, the bottom 
being about 6 in. thick. It rests by a flange over asbestos 
or other heat-insulator, on a firebrick support, the outlet 
pipe from the brickwork cover being of stoneware, acid- 
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Fig. 1 8. — Salt-cake Furnace. 

resisting alloy, or silica. The pan must be very uniformly 
heated. 

The muffle roasters are now preferred to the old open- 
hearth furnaces, as the products are less contaminated by 
the fuel used, although the yield of acid from the open 




Fig. 19. — Salt-cake Muffle Furnace. 

hearths was greater. Modern furnaces turn out 85 tons of 
salt-cake per week. 

Mechanical furnaces are often used ; such as Mactear's 
(1879), which has a revolving bed with a fixed arch 
(Fig. 20). The mixture is fed continuously into the middle of 
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the hearth, and is raked by revolving scrapers to the circum- 
ference, over which it drops. They are usually fired by 
coke. These furnaces give a more uniform stream of gas, 
but require a more elaborate cooling plant for the gas. 

Deacon (1876) introduced the "plus pressure" furnace, 
in which the grate is on a level 5-12 ft. lower than the 
muffle. The pressure of the ascending column of hot gases 
balances the suck of the chimney, and prevents leakage 
from the muffle. 

Technical salt-cake contains about 0-3 per cent, free 
H2SO4, o-i per cent. Fe, and 0-4 per cent. NaCl. The 




Fig. 20. — Mactear Furnace. 

simultaneous presence of NaCl and H2SO4 in the salt-cake 
is due to the fact that the reaction — 

2NaCl +H2S04^a2S04 +2HCI 
is reversible, and cannot be quite complete tmless an ex- 
cess of H2SO4 is used, when the influence of mass makes 
itself felt. 

The preparation of salt-cake and hydrochloric acid from 
salt and sulphuric acid is an example of the general method 
of preparation of an acid. In this, a salt of the acid is acted 
upon by another acid. A state of equilibrium then results, 
in which all four compounds are present — 

RX4-HA:itRA-fHX 
The suitability of the method from the point of view of 
producing pure acid HX will be determined by the following 
conditions : — 

(i) HX is volatile — it is then distilled off by heating 
B. 5 
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(e.g. hydrochloric acid, nitric acid). As HX 
passes off, more and more is formed to maintain 
the equilibrium composition, and finally nearly, 
but not qtiite, all the HX may be separated. 
(2) RA is insoluble — it is then filtered off, and the 
solution will contain the acid HX. Thus chloric 
acid may be obtained by precipitating a solution 
of barium chlorate with sulphuric acid : — 

Ba(C103) 2 +H2SO4 =BaS04 +2HCIO3 
The influence 01 volatility and of insolubility of a com- 
ponent on the state of equilibrium was clearly recognized 
by Berthollet, who explained many instances where a 
reaction apparently went to completion, in this way. 

A specially pure variety of salt-cake, containing not 
more than 0'02 per cent. Fe, is required for glass-making 
(largely carried out at St. Helens), and is specially manu- 
factured by the Hargreaves process, described on p. 70. 
If salt-cake is dissolved in water and treated with limestone 
to precipitate iron, Glauber's salt, Na2S04.ioH20, crystal- 
lizes out on evaporation. If fused with coal in " open 
hearth " roasters, CO2 is evolved, and the mass thickens — 

Na2S04+2C=Na2S+2C02 

On breaking up, lixiviating, and crystallizing, sodium 
sulphide, Na2S.9H20, separates. It is used for sulphur 
dyes, and as a depilatory in tanneries. It should be stored 
in paraffined or lead-lined steel drums for transport, not 
in barrels, which it permeates. 

Absorption of Hydrochloric Acid. — ^Formerly alkali 
manufacturers turned their HCl gas into the air, with such 
disastrous effects on vegetation and buildings that the Alkali 
Acts of 1864 and 1874 were passed, according to which alkali 
manufacturers are compelled to absorb the hydrochloric 
acid so that the chimney gas does not contain more than 
^ grain HCl per cu. ft., or the effluent gas from a sulphuric 
acid works more than the equivalent of 4 grains per cu. ft. of 
total acids expressed as SO3. This absorption is a matter 
of no difficulty, as the affinity of HCl gas for water is so great 
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that even hot water or steam will condense the greater part of 
the gas, and coke towers for its absorption were introduced 
by Gossage as early ^^ 

as 1836 at Messrs. ^^^^ 

Crosfield's works at 
St. Helens. They 
absorbed the hydro- 
chloric acid from 25 
tons of salt per day, 
and so completely 
that the exit gases 
produced no turbi- 
dity in a solution of 
silver nitrate. 

The hot gases 
from the salt-cake 
furnaces at 250° C. 
are cooled, either by 
passing through stone 
tanks or batteries of 
tubes made of iron, 
stoneware, or even 
glass (English works), 
or through a num- 
ber of stoneware 
Woulffe's bottles 
with a counter-flow 
of water (Continent). 
They are then ab- 
sorbed in large 
towers, filled with 
coke, earthenware 
balls, or perforated sv 
discs (Fig. 21). A *" 
spray of water de- 
scends from the top 

of the towers. The gases from the pan and roaster 
usually absorbed separately, the former giving a purer acid 




Fig. 21. — Hydrochloric Acid Towers. 



are 
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The towers are built of sandstone slabs previously boiled in 
tar, and clamped or bolted together with iron ; they are 
about 6o ft. high. The strength of acid produced (only 
concentrated acid, about 33 per cent, of HCl, is saleable) 
depends on the concentration of the gas and the temperature 
of absorption. 

% Cone, liquid 
acid by wt. 

45'2 
.. 36 
39 
33 

By the use of acid pumps of stoneware, ebonite, or acid- 
resisting alloy, the absorption liquid may be circulated, 
and 33 per cent, acid produced directly, even from weak 
gases [e.g. Hargreaves gas, 10 per cent. HCI by vol.). 

The problem 'of the absorption of a gas by a liquid is 
, somewhat complicated if more than one substance is present 
in the gaseous phase, but in the case where one constituent 
is very soluble and the others only sparingly soluble, as when 
a mixture of hydrogen chloride and air is passed into water, 
we can deduce the practical results by means of two prin- 
ciples : — 

(i) The soluble component in the gas phase will come 
to equihbrium with that in the liquid, i.e. the liquid phase 
will cease to take up more of the soluble gas, when the partial 
pressure of the substance in the gas has a certain definite 
value at a given temperature. The higher this partial 
pressure, the more concentrated will be the solution in 
equilibrium with the gas ; in several cases the concentration 
of the solution is simply proportional to the partial pressure 
(law of Henry and Dalton) — 

With very soluble gases such as HCI, this simple proportion- 
ality no longer holds ; in such cases the effect of increased 
partial pressure is less than it should be on the simple law, 
i.e. less gas is absorbed at higher pressures.-^- 

1 
Ci=A^» (w>i) 
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(2) The concentration of the solution in equilibrium 
with the gas phase at a certain partial pressure depends 
on the temperature, and (with the exception of the gases 
argon and helium in water, which show a maximum about 
20°) it diminishes with rise of temperature, i.e. the gas 
becomes less soluble. In some cases the whole of the gas 
can be expelled from the solution by boiling {e.g. ammonia), 
but in the case of aqueous hydrochloric acid there is a 
maximum on the boiling-point-composition curve, and at 
this point the liquid distils off with unaltered composi- 
tion. Acids weaker than the maximum boiling-point 
mixture lose water, those stronger lose hydrochloric acid, 
until the maximum is reached, and then distil over un- 
changed. Such an acid is not, however, a definite hydrate. 




Fig. 22. — Cellarius Receiver. 

because its composition alters with the total pressure under 
which distillation occurs. 

In Germany the very efficient stoneware Cellarius 
receiver (Fig. 22) is often used instead of towers. Water 
flows over the saddle ; gas goes in and out at the top. 
These are arranged in series, and water-cooled. 

Commercial hydrochloric acid, called spirit of salt, or 
muriatic acid, is transported in glass carboys, or in railway 
tank wagons with waxed-wood linings. It is used for the 
manufacture of chlorine, and thence of bleaching powder, 
of chlorates, etc. ; in the colour industry ; in metallurgy ; 
for purif3dng coke, iron ores, clay, animal charcoal, etc. ; 
for preparing CO2 ; in tinning and galvanizing ; in pottery 
making ; for treezing-mixtuies (HCl+Glauber's salt) ; and 
in conjunction with nitric acid (as aqua regia) as a solvent 
for gold and platinum. 
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The pure acid may be made by separating the arsenic 
from the crude acid by washing out the AsClg with tar-oils, 
and then separating the H2SO4 and non-volatile impurities 
by distillation. It is, however, best made by starting with 
pure salt and sulphuric acid in glass or earthenware retorts, 
and absorbing in stoneware receivers. 

The Hargreaves Process. — In this process (Har- 
greaves, 1870) a mixture of air, steam and sulphur dioxide 
is used instead of sulphuric acid to liberate HCl from salt, 
at a temperature of 40o"-5oo° C. — 

2NaCl + SO2+O+H2O =Na2S04 +2HCI 

Possibly, Na2S03 is formed as an intermediate product, and 
then oxidized. The sg.lt is moistened and allowed to fall on 
a travelling belt, where it is beaten into a cake ij in. thick. 
This is cut by knives into pieces 3I in. square, which pass 
through an oven, from which they emerge dry, and fall ofE 
the belt. This preparation of the salt is very important 
for the proper working of the process, as it is necessary to 
obtain porous cakes free from powder, which otherwise 
would choke the converters. These are stacked in kilns 
of brickwork, or in large cast-iron cylinders 18 ft. diameter 
and 12 ft. high, ten being used in two rows of five to form 
a battery. Hot gases from special p3n:ites burners pro- 
tected from heat loss, mixed with the requisite amount 
of superheated steam, pass down the cylinders on the 
counter-current system, eight cylinders being in action at 
a time, and two refilling. Fifty tons of salt are put in each 
cylinder, and the process goes on for three weeks without 
renewal. The temperature, which is kept up without 
external heating, must not exceed 600° C, otherwise fusion 
occurs. The gases are drawn off by a porcelain exhaust, 
and led to cooling pipes and absorption towers ; they 
contain 10 per cent. HCl by volume. Each battery produces 
7000-7500 tons Na2S04 per year, but the process is slow 
and requires careful working. Still, it has been used success- 
fully in England since 1872, and is also used in France and 
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Germany. No external heating is required when the 
process is set going, and economy of fuel is thus effected. 
For I ton salt-cake — 

3 cwt. coal are required for the cylinders. 

1 ,. ,, preparing the salt-bricks. 

075-1 II „ raising steam. 

4" 75-5 cwt. total. 

Up to 8 cwt. may be used, but the consumption of fuel in 
no case exceeds that used for preparing sulphuric acid and 
in the salt-cake process, when the latter is used. 

It has recently (1907) been proposed to add o-i-i-o per 
cent, copper or iron salts to the salt-bricks to promote the 
reaction, this of course lowers the purity of the product 
slightly. 

The relative advantages and disadvantages of the Har- 
greaves process, as compared with the salt-cake process, 
are as follows : — 

Advantages. Disadvantages. 

(i) Higher grade of salt-cake. (i) Greater cost of plant. 
(2) Saving in space. (2) Careful supervision required, and 

cost of repairs when this fails. 
{3) 10s. per ton lower process costs. (3) The HCl cannot be used in the 

Deacon process, as the SO, 

present in it acts as a catalyst 

poison. 

The Black-ash Process. — The charge used in the 
black-ash furnaces is — 

ThcoreliaU. Practical. 

Salt-cake 100 100 

Limestone . . . . . . 79"42 100 

Coal 169 35-50 

The original proportions used by I^eblanc were — 

Salt-cake 100 

Chalk 100 

Charcoal 5° 

The extra limestone and coal are used to allow for 
impurities, and also to impart porosity to the product, owing 
to the occurrence of the reaction : CaCOs-f C=CaO-f 2CO 
at the last stage of the process. 
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Tlie limestone or chalk should be pure, especially free 
from magnesium. Tyneside works tise chalk brought as 
ballast from the Medway ; I/ancashire works use the very- 
pure Buxton limestone. The coal should have as little ash 




Fig. 23. — Black-ash Furnace. 

as possible, but as slack is always used it often contains, 
after washing, 5 per cent, ash ; up to 8 per cent, is tolerated. 

No reaction occurs till the mass becomes pasty, when 
decomposition is rapid and complete. 

The reaction is still largely carried out in handworked 
black-ash or "balling " furnaces (Fig. 23), in which the charge 
is worked on the hearth by men with iron rakes, and is finally 
worked into lumps or " balls." About 3^ cwt. of salt-cake 
may be so worked up in an hour. The balls are then taken 
on iron trucks to the lixiviators. 

Elliott and Russell in 1853 introduced revolving furnaces, 
but these gave too hard an ash. The first successful rotating 
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Fig. 24. — Revolving Furnace. 

furnace, or " revolver," was patented in 1855 by Stevenson 
and Williamson. These revolvers (Fig. 24) are 15-20 ft. 
long, and are constructed of iron plates lined with firebrick. 
Those at Widnes and St. Helens are sometimes 30 ft. long 
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and 12 ft. in diameter. At first the furnace is turned slowly, 
but finally speeded up to 5 to 6 revolutions per minute. 
The charge, which is introduced in one batch, consists of 
2 tons salt-cake, 2 tons crushed limestone, and i ton of coal 
slack, and the rotation is continued imtil a yellow flame 
of carbon monoxide appears. The end-point is judged by 
an experienced workman, and is a matter of considerable 
importance. The black-ash is then discharged into trucks, 
the yield being if tons per ton of salt-cake. Sometimes 
a little more salt-cake and limestone are added to make the 
mass leave the converter more easily. The black-ash is a 
mixture of sodium carbonate, sodium sulphide (produced 
by the reaction Na2S04+4C=Na2S+4CO), lime, and un- 
changed limestone and coal. It is allowed to weather a day 
or two, when it becomes porous, and is then lixiviated. 

I/ixiviation is usually carried out in Shanks' lixiviating 
tanks. These work on the discontinuous counter-current 
principle, the fresh water being put into a tank containing 
nearly spent ash, and the concentrated liquors used in 
leaching the freshly added material. The Uquors are 
conveyed from the bottom of one tank to the top of another 
by means of siphon pipes with stopcocks. 

The conditions for efl&cient Uxi yiation are — 
(i) The black-ash should be as uniform as possible, so 
as to lixiviate rapidly and equally. 

(2) The lixiviating should be conducted as rapidly as is 
compatible with complete exhaustion ; caustic soda and 
sodium stdphide are produced on long standing — 

Na2C03+CaO+H20=2NaOH-|-CaC03 
NagCOs +CaS =Na2S +CaC03 

(3) The temperature in the weak vats should not exceed 
35° C, that in the strong vats should not be above 60". 
Rise of temperature promotes caustification. 

(4) The tank waste should be as completely as possible 
freed from soluble sodium salts. 

The liquors are evaporated, either in pans with hot gases 
passing over the surface (cf. Fig. 23), or in Thelen pans. 
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These (Fig. 25) are pans with revolving scrapers. Crude, 
dark-coloured crystals of carbonate, Na2C03.H20, then 
separate, which are fished out with skimmers and recrystal- 
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Fig. 25. — Thelen Pan. 

lized, to form washing-soda, Na2C03.ioH20, or else calcined 
to produce soda-ash, Na2C03. 

In most I/cblanc works, however, caustic soda is now 
produced directly from tank liquor by causticizing with 
lime (70 to 80 per cent, of the soda in the Uquor is present 
as carbonate), either by mixing with milk of lime in a vessel 
heated by flue gas or exhaust 'steam, and provided with 
mechanical stirrers, or else heating in a tank containing a 




Fig. 26. — Causticizer. 



cage of quicklime, stirring, and blowing in steam (Fig. 26). 
Air is then blown in to oxidize iron, which settles out, and the 
caustic liquor is filtered through coke resting on a bed of 
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limestone in a tank, under vacuum. In some cases air blowing 
is used for agitation. 
The reaction^— 

NagCOa +Ca(OH) s^CaCOg +2NaOH 

is reversible, and it is found that :— 

(i) The lower the percentage of carbonate in the original 
liquor the greater is the conversion to caustic. 

(2) The higher the concentration, the less fuel is required. 
In practice, a compromise is made by using liquor of such 

a strength as gives a caustic solution of sp. gr. i*i, when 
91-92 per cent, of the soda is causticized. 

The caustic liquor is first evaporated to sp. gr. i'2 in 
iron pans heated by the waste heat of the revolver furnace 
(cf. Fig. 24), 3-4 tons of the 9-10 tons water present per 
I ton caustic in the liquor are thus driven off. The liquor 
is then run into the soda-pots, which are iron pots 10 ft. in 
diameter and 6 ft. deep, and boiled down to sp. gr. i-4-i'5, 
after which the liquor is allowed to settle, and the clear 
portion baled out with an iron ladle into another soda-pot, 
where the evaporation is continued over a free fire until 
the temperature reaches 400°-500° and the fused caustic 
has attained a dull red heat. At this point a black scum 
of graphite, from decomposition of cyanides, separates. To 
free it from sulphides and cyanides a handful of sodium 
nitrate is added to each 15-ton batch of caustic at this stage 
(Ralston, i860). According to Lunge the reactions are — 

(i) NaaS+sNaNOa^NagSOa-fsNaNOa (140° C.) 
(2«) NagS +NaN02 +2H2O =Na2S03 +NaOH +NH3 
(26) Na2S+2NaN02+H20=Na2S03-f-2NaOH+N2 

(about 152° C.) 

(3) sNagSOg +2NaN03 +H2O =5Na2S04 +2NaOH +N2 

(above 360° C.) 

The caustic is baled out mto iron drums, the last 
portions being impure. Preliminary evaporation to 100° Tw. 
is now usually carried out in vacuum evaporators of 
double or triple effect. Such an evaporator unit is shown 
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in Fig. 27. It consists of a series of tubes contained 
in an outer jacket and heated by exhaust steam, through 

which the liquid to be con- 



centrated flows. There is a 
head at the top, and the foam 
produced in the tubes, which 
acquires a rotary motion 
which assists in separation, 
here is condensed to Hquid 
and rims off. The steam 
then passes to the next unit, 
which is under a higher va- 
cuum (cf. p. 11). 

Solubility Product ; 
Theory of Caustification. — 
If we consider a solid salt in 
equilibrium with its saturated 
solution at a given tempera- 
ture, we have in the solution 
not only the molecules of salt, 
but also the ions produced 
by electroljrtic dissociation of 
these molecules. Thus, with 
common salt — 

NaCl;tNa-+Cl' 

In the solution there is an 
equilibrium between the ions 
and undissociated molecules, 
and if we assume that the law 
of mass action applies to ions 
we shall have — 




pSTaClJ 



Fig. 27. — Kestner Evaporator. [Na'jfCl ] 

But[Na-]=[Cl'],hence- 

[NaP/[NaCl]=K 



=K 



It must be observed that the equation is only very 
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approximately true in the case of strongly ionized 
salts. 

At a given temperature K is constant. But so is the 
solubility S of the salt, which is assumed to depend only on 
the undissociated part, hence — 

[NaCl].K=[Na-][Cl'] =constant 

The product [Na'][Cr] is therefore a constant at a given 
temperature, and is proportional to the' solubility S, since 
the latter is in turn proportional to the concentration of the 
undissociated salt in a solution containing it alone. If 
the salt is sparingly soluble, it is practically wholly ionized, 
and either ionic concentration is equal to the solubihty S. 

If now Cr ions are added to the above solution, say by 
adding hydrochloric acid, the product [Na*][Cr] is increased, 
and sodium and chlorine ions must be removed by precipita- 
tion as sodium chloride to restore the equilibrium value. 
This is in fact the basis of the usual method of preparing 
puie NaCl. 

The theory of the process of caustification may now be 
developed from the solubility product formulae — 

[Ca"][0H']2=Ki 
[Ca"][CO'3]=K2 

Then we can see that the causticizing stops when the 
solubilities of calcium hydroxide and carbonate become 
equal, and this will occur at a point when a definite amount 
of sodium carbonate has been converted into caustic. As 
the carbonate concentration in the solution decreases, the 
solubility of calcium carbonate will increase, and the simul- 
taneous production of sodium hydroxide will depress the 
solubility of calcium hydroxide until at a certain point the 
solubilities of the two solid phases become equal. Then — 

[Ca"] = -g;. ^« 



[0H']2 [CO'3] 

rOH'12 
or 



[0H']2_Ki_j, 



[CO'3] K2 
With increasing concentration the equilibrium is shifted 
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from the hydroxide side to the carbonate side, because the 
[CO'3] concentration is involved simply, but the [OH'] 
concentration as the square. This, as we have mentioned 
in the preceding section, is in agreement with experience. 



Initial concentration 


Temperature. 


Percentage can: 


of NajCOj. 




at eguiUb 


Normal . . 


.. 100° 


99-1 


2 Normal 


. . 100° 


97-8 


3 Normal 


.. 150° 


93-2 



The yield is found to be practically independent of the 
temperature, hence the heat of reaction must be practically 
zero ; on this account no improvement can be anticipated 
by working at higher temperatures under pressure in an 
autoclave, although patents for this process were taken out 
by Parnell in 1877, and failed after extensive trials. 

The equations show that a better yield should be obtained 
with strontia or baryta instead of lime, as the hydroxyl ion 
concentration is much higher in saturated solutions of these 
bases than in the case of lime, on account of the larger 
solubilities, and the solubilities of the carbonates are also 
less. Thus strontia with a 3 to 4 normal solution of Na2C03 
gives 99 per cent. NaOH. In the caustification with strontia 
heat is evolved, and the yield will thus be increased at lower 
temperatures — a result which is at first sight quite in con- 
tradiction to " practical common sense." 

There is always a loss in the caustification of soda with 
lime, on account of the formation of double salts — 

Na2Ca(C03)3 above 40°, i.e. in boilers ; 
Na2Ca(C03)3.5H20, below 40°, i.e. in filters ; 

which are sparingly soluble. These double salts are stable 
only when the liquid phase contains not less than a certain 
concentration of Na2C03 ; they are decomposed by pure 
water. Hence practically all the soda may be removed by 
repeatedly washing the residue with water (Smith and I^iddle, 
1881). In practice, 2 per cent, of the soda is left in the 
lime sludge, partly because complete washing would give 
too dilute solutions, and partly because a protective layer 
of CaCOs appears to form over the particles of double salt. 
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Similar considerations apply to the lixiyiation of black-ash. 
The lime sludge is used as a " liming " for soils. 

Solid caustic soda was first manufacttired on a small 
scale by Tennants at St. Rollox, in 1845. The real manu- 
facture began in 1853 in the I^ancashire works, and was 
only much later introduced on the Tyne, and abroad. 

Utilization of Alakli-waste. — Although the nuisance 
of the escaping acid fumes from Ivcblanc alkali works was 
completely overcome by the absorption in Gossage towers, 
a formidable difl5.culty remained in the shape of the so-called 
Alkali-waste, i.e. the residue from the lixiviating tanks, 
which has approximately the following composition : — 



Calcium sulphide (CaS) 

Calcium carbonate (CaCOg) 
Iron sulphide (FeS) 
Sand and silicates 


. 40 

. 22 

3 

• 15 


Soda{Na,CO,) 

Lime (CaO) 


• 4 
. 10 



Each ton of soda produced gives rise to the formation 
of if tons of this waste, and enormous heaps accumulated 
near the Leblanc works, from which by the action of the 
air and moisture evil-smelling sulphuretted hydrogen was 
evolved, and dark-coloured polysulphides leached out, 
polluting the rivers and streams for miles around. In 
addition, what was perhaps of more consequence to manu- 
facturers, the 20-25 per cent, of sulphur contained in the 
waste, representing so much costly sulphuric acid, was 
absolutely lost. In England alone, 150,000 tons of sulphur, 
valued at ;^400,ooo, were thus annually run to waste. 

The problem of the utilization of alkali-waste was there- 
fore one on the settling of which the financial success of the 
I^eblanc process came to depend, and repeated attempts 
were made to arrive at a practical solution. 

Besides the manufacture of thiosulphates from the 
waste, the recovery process of Chance has overcome all 
diffictilties. 

Sodium thiosulphaie, Na2S203.5H20, is prepared from 
tank-waste by oxidizing with air, either by blowing air and 
steam through a suspension of waste in coke towers, or by 



8o ALKALI INDUSTRY 

exposing the waste to the air for a week, with occasional 
raking, and then lixiviating the product. Calcium thio- 
sulphate is produced, and if this is decomposed by sodium 
carbonate, the sodium salt is formed. The crystals are 
used as an antichlor to remove chlorine from bleached fabrics, 
in photography, in preparing aluminium thiosulphate for 
use as a mordant, and in wet-silver extraction. 

Most of the waste is, however, treated by the sulphur 
recovery process. 

The Chance-Claus Process of Sulphur Recovery. — 
This process (A. M. Chance, Journ. Soc. Chem. Ind., 1888, 
p. 162) is practically the only one now used on a large 
scale for the recovery of sulphur from alkali-waste. Chance 
in 1888 perfected Gossage's process (1838), in which the waste 
was decomposed by carbon dioxide. Limekiln gas, as free 
from oxygen and carbon monoxide as possible, is passed 
through a suspension of the waste contained in a ba;ttery of 
iron cylinders, called Carbonators. Seven cylinders of 
15 ft. by 7 ft., on the counter-current system, are used. 
Sulphuretted hydrogen diluted with much nitrogen is 
evolved — 

(i) CaS+HgO+COz^CaCOs+HgS 

This gas is too dilute to utilize directly, so it is passed 
into a second carbonator of waste, where it is absorbed 
with formation of calcium hydrosulphide — 

(2) CaS+H2S=Ca(HS)2 
If kiln-gas is now passed through this more concentrated 
solution, a strong sulphuretted hydrogen is evolved, which 
is collected in large gasholders (Chance's is 30,000 cu. ft.) 
over water covered with a layer of oil — 

(3) Ca(SH)2+C02+H20=CaC03+2H2S 
It will be seen that twice as much H2S is now evolved as 
in reaction (i), for the same volume of kiln-gas. 

The sulphur is now recovered from the H2S by the 
catal3rtic process of Claus (1882). The gas is mixed with 
air in suitable proportions and the mixture passed to the 
Claus Kiln, which is a brickwork structure having shelves 
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on which are placed layers of bog-iron ore (hydrated ferric 
oxide) which acts as a catalyst — 

(4) 2H2S+02=2H20H-2S 

The sulphur is condensed in brickwork chambers in a 
very pure state, up to 80 per cent, being recovered. The 
proportions of H2S and SO2 in the exit gases are determined 
throughout the process and the temperature of the kilns is 
kept low ; the temperature of the exit gases should be about 
290° C. one foot from the kiln, otherwise loss of S in the 
gases occurs. 

In Europe, 80,000 tons of sulphur are annually recovered 
by this process ; about 35,000 tons in Great Britain alone. 
In 1904 the United Alkali Co. at Weston Point proposed 
to use the H2S by burning it to SO2, and transforming the 
latter into sulphuric acid by the contact process. The 
usual method, however, is to burn the recovered sulphur to 
produce SO2 for this purpose. Carbon bisulphide is also 
made from the sulphur by heating carbon to whiteness in 
a retort and adding melted sulphur. 

The sulphur cycle in the I^eblanc Process may be repre- 
sented as follows : — 

Pyrites ^H.SO, ^NajSO, >CaS (Black-ash) 

^ I 



S< H,S 



From 65 to 80 per cent, of the sulphur is recovered in 
the cycle ; the remainder has to be made good in the form of 
P3rrites. 

Diagrammatic Scheme of the Leblanc Process. 
Pyrites (45%) Sodium nitrate (97 %) Salt (97%) CoaL Limestone. 
63 parts T part 100 parts 250 parts 120 parts 

\ ^ I I I 

Sulphuric acid > Saltcake ■ > Crude alkali 

Sp. Gr. 17 105 pts. 120 pts. 170 pts. 

with I 

hydrochloric acid | 

Sp. Gr. 116 180 pts. ^ 

Burnt pyrites Soda ash, 72 pts. 

45 pts. or 

for wet-copper caustic soda, 60 pts. 



B. 
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In 1908, of the total world's production of 2 million tons 
of soda, only 100,000 tons were made by the Leblanc process. 
At the same time it must be remembered that this is a 
declining industry, and much larger amounts were formerly 
made by the process. The maximum production was in 
1879-1883, when 500,000 tons per annum were produced. 
So much capital is locked up in the process, especially in 
England, including the chamber acid plants, that the 
lycblanc process still holds its own, and will no doubt continue 
to do so for some time. The production of salt-cake, which 
can be used directly in the manufacture of glass, by the 
I/cblanc process has increased of late. Ultimately the 
process may be worked only as far as the salt-cake stage, 
as is the case at present in works using the ammonia-soda 
process. The production of caustic soda has largely replaced 
that of carbonate by the I^eblanc process, but a new com- 
petitor in the shape of the electrolsrtic processes has recently 
appeared in this field. 

Wet-copper Extraction. — It has already been men- 
tioned that the process of recovering the copper from 
burnt pyrites used in the manufacture of sulphuric acid 
forms an integral part of the I^eblanc alkali industry. The 
burnt pyrites, called " Blue Billy " by the workmen, con- 
tains up to 3 per cent, of copper, and the latter is recovered 
by the so-called Wet-copper Process of Longmaid and 
Henderson, introduced in 1865 at Hebbuin-on-Tyne. The 
ground burnt pyrites is mixed with 12 to 17 per cent, of 
coarsely crushed rock-salt, and calcined at a dull red heat 
in long furnaces with shelves. All the copper is converted 
into cupric chloride, CUCI2. The charge of 2^ tons per 
6 hours is raked during roasting, and the product is lixivi- 
ated. The sulphur in the burnt pyrites must exceed the 
copper by 0'5 per cent. ; if it falls below this fresh unburnt 
pyrites is added. The CUCI2 solution is precipitated by scrap 
iron, and copper of 70 to 80 per cent, purity is obtained, 
which is sent to be smelted. The residual oxide of iron is 
pure enough to be used directly in the steel furnace. 
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Section IV.— THE AMMONIA-SODA PROCESS ; 
SODIUM, AND SODIUM SALTS 

Chemistry of the Ammonia-soda Process. — If carbon 
dioxide is passed through brine saturated with ammonia, 
the following reactions occur consecutively : — 

(1) 2NH3+H20+C02={NH4)2C03 

(2) (NH4)2C03+H20+C02=2NH4HC03 

(3) NaCl+NH4HC03=NaHC03+NH4Cl-2i gm. cal. 
The sodium bicarbonate, NaHCOs, is sparingly soluble, and 

its precipitation depends on the value of the ionic-product — 

[Na-][HC0'3] 

at any instant ; when the valuer of this exceeds the solubiUty 
product of sodium bicarbonate, i.e. the value of the product 
of the ionic concentrations, [Na'JpECO's], in a saturated 
solution of the pure bicarbonate, then the latter will be 
precipitated. But the value of the limiting product will be 
less in a solution of sodium chloride than in pure water, 
since the solubility of sodium bicarbonate is depressed on 
account of the forcing back of the ionization of the NaHCOa 
by the Na" ions of the NaCl, which is much more strongly 
dissociated. As the passage of carbon dioxide continues, 
the second reaction commences, and the influence of mass 
of the ion HCO'3 makes itself felt in addition to that of the 
ion Na'. Further precipitation then occurs. Gradually 
the Na" ions are withdrawn from the solution, and the 
precipitation ceases when the value of the ionic product 
[Na*] [HCO'3] is equal to the solubility product. At any 
given temperature the equilibrium is fixed by the equation 
of mass action — 

[NaHC03][NH4Cl] _ 

[NaCl][NH4HC03] 
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The maximum yield of bicarbonate is then seen to 
require — 

(i) High initial concentration of Na' ions, i.e. saturated 
brine. 

(2) High concentration of NH3 to facilitate the produc- 

tion of NH4HCO3. 

(3) l/ow temperature to diminish the value of the solu- 

bility product for NaHCOa- 

In practice it is found impossible to realize these con- 
ditions completely, owing to the decreased solubility of salt, 
in presence of ammonia, the dilution of the ammoniacal 
brine by water vapour carried over with the ammonia gas, 
and unavoidable rise of temperature. It is therefore 
necessary to determine what is the most suitable concentra- 
tion of ammonia, as conditions (i) and (2) are conflicting. 
The problem has been attacked from the point of view of 
the Phase Rule, notably by Schreib, Fedotieff, and Janecke. 
An account of this work will be found in a textbook of the 
phase rule, e.g. Findlay's. 

A patent embod3dng all the reactions involved in the 
ammonia-soda process was taken out by Dyar and Hemming 
in 1838, and works erected in Whitechapel, lyondon. These 
did not pay, and the subsequently erected works of Muspratt 
at Newton, and of Gaskell at Widnes, were also unable to 
compete with the I^eblanc process. In 1863 Ernest Solvay 
took out an English patent for an improved process, and in 
1865 started a works near Charleroi, the soda being shown 
at the Paris Exhibition in 1867. 

From this time on the industry began to make rapid 
strides and finally ousted the I^eblanc process for the manu- 
facture of sodium carbonate, the latter process now being 
worked only for salt-cake (Na2S04) and caustic soda. 

The actual working of the ammonia-soda process involves 
many trade secrets, but as far as can be ascertained the 
general procedure is as follows : — 

Description of the Process. — ^The brine is pumped 
directly, without preliminary purification, to the ammonia 
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saiurators (Fig. 28), which are towers with a series of 
diaphragms with serrated inverted cups, or " mushrooms," 
through which the gas bubbles. Ammonia containing a 
trace of sulphide may be used with iron pipes, as the latter 
become coated with a protecting film of sulphide. The 
temperature must be kept below 60" by suitable means. 
The final gas may be passed through a second tower, or 
through a washer to remove ammonia. The final tower is 
connected with an air-pump to reduce the pressure through- 
out the whole system back to the ammonia stills. 

Carbon dioxide is always present in the ammonia (from 
the sodium and ammonium bicarbon- . 1 

ates present in the mother-liquor from . I | 

the carbonating tower, from which the 
ammonia is recovered), and the Uquid 
leaving the ammonia saturator has the 
following composition ; — 



Gr./Lit. 



NaCl 
260 



NH3 
80 



CO2 
45 




Fig. 28.— Saturator. 



To free it from suspended carbon- 
ates of calcium and magnesium, formed 
from the impurities in the brine, it is 
allowed to flow to the bottom of a large 
tank, whence it passes to a second tank, 
and so on. A clarified liquor of very constant composition 
is so produced from the hundreds of tons of liquor treated 
continuously. The mud is passed to the ammonia stills to 
recover ammonia. The clear ammoniacal brine then passes 
to the carbonating apparatus, being previously cooled to 30° 
to prevent loss of ammonia. Two t3qpes of carbonating 
apparatus may be described ; the one most used is the first. 

(i) The Solvay Tower. — The liquor is pumped to the 
top of a high tower (Fig. 29), 70-90 ft. high and 5-7 ft. in 
diameter, circular in section, made of iron, and containing 
a series of baffle plates. Carbon dioxide pumped in at the 
base meets the descending ammoniacal brine, and in the 
lower part of the tower there are Cogswell coolers (1887), 
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consisting of mild-steel tubes expanded into plates in the 

central parts, through which 
cold water flows. Usually the 
carbonation occurs in two 
stages : — 

(i) Formation of (NH4)2C03; 
(ii) Formation of NH4HCO3 

and precipitation of 

NaHCOs. 

Each stage is carried out 
in a separate tower, and the 
temperature in the second 
tower is kept at 20° C. so as to 
produce a bicarbonate of the 
proper consistency. In all 
cases, hard crusts of bicarbon- 
ate form in the second tower 
and gradually choke it. Such 
towers are then changed over 
to the first stage of the pro- 
cess, when the crusts dissolve. 
(2) The Honigmann Car- 
bonator. — In this (Fig. 30) 
there are three or more conical 
iron vessels with coolers, which 
are filled with ammoniacal 
brine, and then carbon dioxide 
is pumped through, meeting 
the liquid on the cotmter- 
current principle. When the 
conversion in one vessel is 
■n completed, the contents are 
blown out to the filter, and 
fresh ammoniacal brine added. 
Fig. 29. — Solvay Tower. 8-12 tous of bicarbonate may 

be produced in 6-9 hours. 
The advantages of this plant compared with the Solvay are 
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absence of crust-formation and less resistance to gas-flow. 




Fig. 30. — Honigmann Apparatus. 

with consequent saving on the compressors; its disadvan- 
tages are the intermittent 
working in an otherwise 
continuous process, and the 
lower absorption efficiency 
(80-90 per cent., as against 
90-95 per cent. COg ab- 
sorbed in the Solvay). 

The carbon dioxide used 
in the carbonization is ob- 
tained from two sources : — 

(i) The Lime Kilns, 
where limestone is burned 
to produce lime, CaO, for 
the decomposition of the 
ammonium chloride in the 
mother-liquors. 

A typical kiln is shown 
in Fig. 31. An intimate 
mixture of limestone with 
the least amount of coke 
requisite for burning is fed 
into the "cup and cone" 
at the top of the kiln, 
whence it drops slowly down. The conical hump at the 




Fig. 31. — Lime Koln. 
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bottom, called the " dumpling," prevents the accumula-. 
tion of dust and assists in the even distribution of air, 
which passes in through the openings at the bottom, from 
which the quicklime is also removed. The kiln gas is 
sucked through two scrubbing towers filled with coke, down 
which is sent a spray of water to remove dust, tar, and 
sulphur dioxide from the coke. The proportion of coke 
to limestone is very important as regards the concentration 
of the gas : — 

Cwt. coke per ton lime. % COj in gas. 
6 31 

4'5 35 

3-0 40 

(ii) Calcination of the bicarbonate to produce soda- 
ash. 

I/ime-kiln gas contains up to 40 per cent, by volume of 
CO2, calciner gas 90-98 per cent. A mixture of the two 
containing 53 per cent. CO2 is used in the carbonation of the 
ammoniacal brine. 

The magma of bicarbonate and mother-liquor issuing 
from the carbonating apparatus is filtered by means of a 
rotary filter (Fig. 32), consisting of a perforated drum covered 
outside with flannel and evacuated inside, which dips into 
the trough containing the paste. The layer of bicarbonate 
collecting on the flannel is washed with water, and scraped 
off by knives as the cylinder revolves. By this washing the 
mother-hquor is somewhat diluted, and it receives some 
sodium bicarbonate ; it contains practically all the ammonia 
originally present in the ammoniacal brine. This ammonia 
is recovered in the ammonia stUls, in which the liquor is 
first treated with steam, to drive out free ammonia and 
decompose carbonate, and then with milk of lime (prepared 
by slaking the lime from the kilns in large iron boilers with 
an internal screw to push on the lime) to set free the ammonia 
from the ammonium chloride. The ammonia is driven out 
with steam. The stills consist of iron towers with diaphragms 
similar to the saturators, milk of lime being added halfway 
h.p and exhaust steam at the base of the tower. The ammonia 
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gas is cooled to 57°-6o"' and re-enters the cycle in the am- 
monia absorbers. Some trouble owing to choking of the 
towers by lime is experienced. The liquor from the ammonia 
stills contains all the chlorine of the salt in the form of 
calcium chloride — 

2NH4Cl+Ca(HO)2=2NH3+H20+CaCl2 
Practically all this was run to waste in the early days 




Fig. 32. — Rotary Filter. 

of the Solvay process ; the liquors are now often evaporated 
and the calcium chloride used for dust-lasdng, in refrigerators, 
and in some chemical processes. Attempts to prepare free 
chlorine from the ammonium chloride have been made, 
e.g. Mond's magnesia process described in Section VI. 

The bicarbonate is then decomposed at a fairly high 
temperature in Thelen pans (cf. Fig. 25) 30-50 ft. long, 
heated externally by a fire at one end or by gas. The flue 
gases traverse the whole exterior of the pan, and rocking 
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scrapers inside push the bicarbonate slowly forwards until 
it is finally discharged to a mill, and then goes to sacks on 
a weighing machine in the form of soda ash, which should 
be of 99-997 per cent, purity, containing a trace of NaCl. 
Revolving furnaces 60 ft. long are sometimes used instead 
of Thelen pans. 

The consumption of raw materials per ton of soda ash 
produced is as follows : Coke, i"3 cwt. ; limestone, i ton 
4 cwt. ; coal, 10 cwt. ; ammonia, 5 lbs. 

If sodium nitrate is used instead of chloride in the 
ammonia-soda process, it is possible to precipitate nearly 
all the sodium as bicarbonate, and the technically im- 
portant ammonium nitrate may be recovered from the 
mother-Hquor up to 87-5 per cent, theory — 

NaNOg +NH4HC03=NH4N03 +NaHC03 

Soda Crystals or' Washing Soda, Na2C03.ioH20. — 
This is prepared by dissolving soda ash in a mild steel vessel 
with steam, a little salt-cake (NagSOJ being added to make 
the crystals harder. The solution is made up to sp. gr. 
I "2-1 "3 at 100°, is treated in settling tanks with a little 
bleaching powder to oxidize any organic matter and pre- 
cipitate iron, and after standing the clear liquor is siphoned 
off to large semicircular mild steel crystallizing pans. The 
crystals take 7-10 days to form, and are drained in a hydro- 
extractor. If a hot solution is allowed to crystallize, the 
monohydrate Na2C03.H20 separates ; it is known as 
crystal carbonate, and contains more than double the per- 
centage of soda in washing soda. 

Bicarbonate of Soda. — ^This is prepared from the raw 
product by boiling with water to expel ammonia (and nearly 
half the CO2), recarbonating, and drying in a current of 
hot air or carbon dioxide. 

Concentrated Soda Crystals. — This product, Na2C03.- 
NaHC03.2H20, has the same composition as natural trona, 
and is prepared by crystallizing a solution of eqtiivalent 
amounts of carbonate and bicarbonate at 35°. It is neither 
efflorescent nor deliquescent, and is used in wool-washing. 
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If a denser form of soda ash (" heavy finish ") is required, 
it is prepared by calcining the product from the Thelen pan 
in a Mactear furnace till the apparent density is increased 
from 0"i6 to 0"3. 

Caustic Soda by Lowig's Process. — ^Much sodium 
carbonate from the ammonia-soda process is made into 
caustic soda by the process of lyowig (1882), originally intro- 
duced for solutions, but extended by Mond and Hewitt (1887) 
to the direct conversion of solid soda ash. In this process 
the carbonate is roasted at a red heat with water-gas in a 
" revolver " furnace with ferric oxide, when sodium ferrite 
is produced and carbon dioxide evolved — 

(i) Na2C03+Fe203=2NaFe02+C02 

The mass is then broken up, cooled, and thrown into hot 
water, when a concentrated solution of caustic soda is 
formed and ferric oxide regenerated and precipitated — 

(2) 2NaFe02+H20=Fe203+2NaOH 

The caustic solution is evaporated in pans in double 
or triple effect vacuum apparatus, being finally fused in an 
iron pot over a free flame at 4O0°-5OO°, when it is poured into 
iron drums and sealed up, or it may first of all be powdered. 
10-15 tons are fused at a time. The concentrated Uquor 
obtained in this process results in a saving of 60 per cent, 
of the evaporation per ton of caustic, over the lime 
method. 

The causticizing may also be effected with Ume, as in the 
I/cblanc process. 

The Ammonia-Soda Industry. — The Solvay works in 
England are situated at Northwich, Plumbley, I^ostock- 
Gralam, and Wilmington, in the Northwich district, and at 
Sandbach near Crewe — all being owned by Brunner, Mond 
& Co. The works at Wilmington is the largest in the world, 
and is on the site of the first English works erected in 1872 
by Dr. I^udwig Mond. This firm controls practically all 
the works using the process in Europe and America. The 
only independent works in England is that of the United 
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Alkali Co. at Fleetwood, lyancs. There are several works 
in America outside the combine, e.g. Michigan Alkali Co., 
Columbia Chemical Co., etc., and a new works at Trieste 
was recently started. Solvay works exist in Belgium, at 
Dombasle in France, in Russia (lyubimoff and Solvay works 
at Berezniak, near Ousolia, on the banks of the Kama), 
and Germany (Deutsche Solvay Werke). Some soda is 
produced in Italy. 

The production of sodium carbonate by the ammonia- 
soda process is shown in the following table, which indicates 
the rapid expansion of the industry : — 

1864-1868 .. .. .. 300 tons. 

1902 . . . . . . . . 1,600,000 „ 

1916 . . . . . . . . 3,000,000 „ 

The important competitors of the Ammonia-soda process 
are (i) the natural soda deposits of Magadi, which however 
have to be transported great distances with corresponding 
cost; and (ii) the electrol3i;ic processes, which if used ex- 
clusively would lead to great over-production of chlorine. 
It is therefore in a fairly secure position, although the disposal 
of the calcium chloride is an awkward problem which still 
has to be solved. 

Soda from Cryolite. — In 1849 Julius Thomsen, of 
Copenhagen, found that the mineral cryolite, 3NaF.AlF3, 
found in large quantities in the Bay of Ivitut in South 
Greenland, is easily decomposed by lime ; in 1857 ^ manu- 
facturing process was started, which was taken over in 
1865 by the Pennsylvania Salt Manufacturing Co. of Natrona, 
near Pittsburg, by whom it is now solely controlled. A 
mixture of 100 parts of finely ground cryolite with 150 parts 
of chalk, together with a little calcium fluoride as a flux, is 
heated in thin layers on iron plates short of fusion and 
lixiviated hot — 

2(AlF3.3NaF)+6CaO=6CaF2+Al203.3Na20 

The solution of sodium aluminate obtained is decomposed 
by passing in carbon dioxide, when alumina is precipitated 
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in a graimlar form containing 20 per cent. Na2C03, and this 
must be often washed with hot water to extract all but 
a residual 2 per cent. — 

Al203.3Na20+3C02+3H20=3Na2C03+2Al(OH)3 

A very pure sodium carbonate is obtained by evaporating 
the solution, and the alumina can be used for the manu- 
facture of alum, alvmiinium sulphate, or aluminium. 

Scheele's Process. — In 1773 Scheele found that if a 
solution of sodium chloride is boiled with lead oxide, caustic 
soda is produced — 

2NaCl +4PbO +H2O =2NaOH +3PbO.PbCl2 

The difficulty, however, is to recover the lead oxide in 
a suitable form. Bacjiet found that the oxychloride can be 
decomposed by lime-water — 

3PbO.PbCl2 +Ca(OH) 2 =4PbO +CaCl2 +H2O 

Berl and Austerweil state that if the oxychloride is 
treated with successive quantities of lime-water, a residue 
containing 98-86 PbO and 1-03 CaO is left, which can be 
used again for decomposing more sodium chloride. The 
process may find some application on the large scale. The 

equilibrium K= '-.-„,..g shows that the yield is independent 

of the concentration. With too concentrated solutions, 

however, the litharge becomes coated over with insoluble 

oxychloride. The yield may amount to 50 per cent, with 

N 

— NaCl and the correct amount of PbO. 

2 

Sodium. — Metallic sodium (and to a much smaller extent 

potassium) is prepared in large quantities by the original 

process of Davy, i.e. electrolysis of fused sodium hydroxide, 

the methods adopted subsequently to Davy's experiments 

(distillation with carbon, iron, etc.) having gone quite out 

of use on the large scale. The principal firms are the Castner- 

Kellner Co. at Weston Point and Newcastle-on-T3Tie in 

England, Clavaux in France, the Niagara Electrochemical 
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Co. in America, and the Elektrochemisclie Fabrik Natrium 
at Rheinfelden in Germany, In the Castner process (1891), 
fused sodium hydroxide contained in the iron pot A (Fig. 33) 
is electrolyzed at a temperature below 330° by the anode B, 
of resisting material such as nickel, and the iron cathode C, 
the top being insulated by asbestos from the pot A. After 
starting, the heat developed by the current is suflficient to 
keep the mass fused. Sodium separates in D, and floats 
to the top of the tubular iron vessel with a wire -gauze 
extension surrounding the cathode, whence it is ladled out 




Fig. 33. — Castner Sodium Apparatus. 

from time to time by a perforated iron spoon, which allows 
the fused caustic to run through but retains the sodium. 
The metal usually comes into the market in the form of 
thick rods, soldered up in tins. 

At Niagara a combination of the Acker and Castner 
processes is used, molten sodium chloride being used as 
electrolyte in the first part of the process, with a fused lead 
cathode, with which the sodium alloys. The alloy is then 
passed into a second space, where it is made the anode in 
fused caustic soda ; sodium dissolves out of the alloy, and 
is deposited on the cathode. The caustic soda remains 



itiE. Ammui\iA-:iUuA PROCESS 97 

unchanged. In this way sodium is obtained at less than 
IS. per lb. A mixture of NaOH and NajS in equal parts, 
NaOH being continuously added, has also been proposed as 
electroljrte. 

The world's production of sodium in 1905 was 350,000 
tons. It is used chiefly in the preparation of sodium per- 
oxide, silicon, magnesium, and organo-metallic compotmds 
in the aniline-dye industry. Prior to 1880 large quantities 
were used in the manufacture of aluminium, which is now 
made entirely by electrolysis. 

Sodium Peroxide. — Sodium peroxide, Na202, is pre- 
pared by Castner's process (1891). Sodium contained in 
aluminium trays is heated to 300° in a long iron tube-retort, 
through which a current of dry air free from carbon dioxide 
is passed — 

2Na+02=Na202 

It is a yellowish-white substance, usually sold as a powder, 
which reacts energetically with water, giving off oxygen. 
With ice-cold water it forms a hydrate, Na202.8H20. In 
the fused state it is a powerful oxidizing agent, " opening 
up " many refractory minerals, e.g. with chromite, FeCr204, 
it gives Fe203 and Na2Cr04. In solution it is used for bleach- 
ing textile fibres ; in the case of wool the NaOH formed 
must be neutralized as fast as it is produced with dilute 
H2SO4 or acetic acid. It is also used in confined spaces 
{e.g. diving-bells) for purif5dng air, since carbon dioxide 
is absorbed and oxygen Uberated. It costs about is. 6d. 
per pound. 

Merck prepares pure hydrogen peroxide from sodium per- 
oxide by adding the calculated amount in small quantities 
at a time to cooled 20 per cent, sulphuric acid, and after 
separating the solution from the crystals of sodium sulphate, 
distilling in vacuum. 

Borax. — Borax, or sodium pyroborate, Na20.2B203.- 
10H2O, or Na2B407.ioH20, is fotmd ia lakes in China, 
Persia, and Tibet, whence it reaches Europe as tincal. It 
is prepared to some extent from the boric acid obtained from 
the volcanic gases escaping from suffioni, or steam-jets, in 
B. 7 
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the Tuscan marshes. De|)Osits occur in California, and much 
borax is made by decomposing the minerals — 

Boracite, 2(Mg3B80ig).MgCl2, of Stassfurt, 
Colemanite, CagBeOn-SHgO, of California, 
Borocalcite, CaBiOy, of the Argentine, 

with boiling sodium carbonate solution. 

Much borax is now made from the Boronatro-calcite, 
NagBiOv.aCaBiOT.iSHaO, of Chili. 

Octahedral borax, Na2B407.5H20, is prepared by cooling 
a solution of sp. gr. 1-26 to 70°, and collecting all crystals 
forming above 56°, at which temperature ordinary borax 
separates. Electrol3rtic methods of preparing borax by 
electrolyzing a solution of boric acid in briae with a carbon 
anode and lead cathode separated by a porous diaphragm 
were proposed in 1906 by l/cvi. 

Refined borax costs about ;£i8 a ton. It is used in 
brazing, to keep metallic surfaces clean, as most metallic 
oxides dissolve in fused borax, many with the production 
of characteristic colours. It is also used in the dye industry, 
and in glazing porcelain. 

Sodium Perborate. — If boric acid is mixed with sodium 
peroxide, and the mixture added slowly to cold diluted 
sulphuric acid, sodium perborate, Na2B408.ioH20, separates. 
The crystals may be washed with alcohol and dried at 50°. 
Carbonic acid may be used instead of sulphuric. Sodium 
perborate is largely used as a bleaching detergent, mixed 
with soap or other substances ; it is made on a large scale 
by adding 150 lbs. Na202 to 200 lbs. ice and water, and then 
adding 150 lbs. boric acid ; chimney gases (CO2) are then 
blown through, and the crystals separated. The last 
portions are separated by saturating the mother-liquors with 
common salt. Electrolytic processes are also used. 

Sodium Silicate, Soluble Glass, or Water Glass. — 
Sodium silicate is prepared by melting together 23 parts of 
soda ash and 45 parts of powdered quartz, with 25 parts of 
coal-dust, in reverberatory furnaces. The glassy product 
is dissolved in 56 parts of water in an autoclave. The thick 
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liquid so produced is used as a fireproofing material, for 
making joints with asbestos, as an adhesive for glass and 
porcelain, for preserving eggs and stone, for making artificial 
stone, and for adding to soaps. 

Large quantities of sodium siUcate solution are also 
made by the so-called wet method, which has the advantage 
of yielding a more uniform product. Powdered silica, pre- 
ferably in the form of infusorial earth, is digested with 
caustic soda solution of sp. gr. i*22-i'24 under 3-4 atm. in 
an autoclave, the heating being effected by blowing in 
steam for about 3 hours and stirring. The Uquor is then 
evaporated in iron pans to sp. gr. 17 ; 2'8 parts infusorial 
earth are used for i part NaOH, 

Sodium Phosphate. — Ordinary sodium phosphate is 
Na2HP04.i2H20, and is obtained from bone ash, Ca3(P04)2, 
by digesting with dilute sulphuric acid, when phosphoric 
acid is produced, and neutralizing the latter with soda ash. 
It is used in preparing enamel, in soldering, as a weighting 
material in dyeing, and medicinally. 

Sodium Chromate and Dichromate. — Sodium chro- 
mate, Na2Cr04, is prepared by heating powdered chromite, 
or chrome-ironstone, with soda ash and lime in presence of 
air — 

2FeCr204+4Na2C03+4CaO+70 

=Fe203 +4CaC03 +4Na2CT04 

The melt is lixiviated with water and made slightly acid 
with acetic acid. On evaporation lemon-yellow crystals 
of Na2Cr04 separate. If the solution is made slightly acid 
with sulphuric acid instead of acetic acid, and evaporated, 
the very soluble and deliquescent red dichromate, Na2Cr207, 
separates. If this is heated with potassium chloride 
in solution, NaCl separates, and potassiimi dichromate, 
K2Cr207, crystallizes on cooling in fine orange-red crystals. 
The potassium salt may also be obtained directly if potassium 
carbonate is used in the fusion. Nearly all the potassium 
dichromate is produced in England, but of late it has been 
largely replaced by the cheaper and more soluble sodium 
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salt. Chrome ironstone occurs in the Urals, in Asia Minor, 
California, and Australia. 

Chromates and dichromates are used as mordants, as 
oxidizing agents in the manufacture of aniline black, and in 
preparing chromate pigments {e.g. chrome yellow, PbCr04). 
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Section V.— ELECTROLYTIC PROCESSES 

Electrolytic Processes. — The electrolysis of a solution of 
sodium chloride was carried out by Cruickshank in 1800 ; 
further experiments were made by Davy, Berzelius and 
Hisinger, and others, on the decomposition of saline solutions 
by the electric current, but it was not tmtil 1885 that 
successful industrial application was made of these dis- 
coveries. With the invention of the dynamo, the possibility 
of carrying out many chemical reactions on a large scale by 
the electrol3rtic method became clear, and nimibers of 
patents have been taken out from that time till the present 
day. The main types of processes used on the large scale 
in the electrols^tic production of alkali and chlorine fall, 
however, into four groups, and representatives of each 
group will be described here. 

I. Cells using fused sodium chloride as electrol}rte : 

The Acker Process. 
II. Cells using a solution of sodium chloride with a 

suitable diaphragm to separate the anode and 

cathode : The Griesheim Process ; Hargreaves- 

Bird Process. 

III. Cells with a solution of sodium chloride with a 

moving mercury cathode to remove the sodium 
produced : The Castner-Kellner Process. 

IV. Cells with a solution of sodium chloride in which 

the denser caustic soda solution sinks by gravity : 
The Bell or " Glocken " Process. 

Certain newer types of cell combine the principles of two 
of the above groups ; such a cell is the Billiter-I^ykam patent. 

General Principles of Electrolytic Processes.— 
According to Faraday's law, 96,540 coulombs (i coulomb 
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is the quantity of electricity conveyed by a current of 
I ampere in i second) liberate one gram-equivalent of an 
ion, e.g. 23 grams of sodium, or 35-5 grams of chlorine, or 
31-5 grams of divalent copper. Thus 58-5 grams of sodium 
chloride are decomposed by 96,540 coulombs. This funda- 
mental quantity of electricity is called a faraday, and one 
faraday therefore liberates one gram-equivalent of any ion, 
provided there are no complications in the electrolytic 
process. Thus, if a solution of copper sulphate is electro- 
lyzed, then at a certain concentration hydrogen may be 
liberated together with the copper, and the sum of the 
equivalents of the copper and hydrogen liberated by i faraday 
will be unity. 

The extent of chemical decomposition is quite indepen- 
dent of the voltage applied to the cell, but in order to de- 
compose an electrol3i;e with actual liberation of the ions in 
the ordinary chemical condition, e.g. chlorine gas, a definite 
voltage must be applied, since the products of electrolysis 
accumulating at the electrodes set up themselves a voltage 
in the opposite sense. to the applied voltage, and this back 
E.M.F., as it is called, must be overcome before any current 
will pass and therefore any decomposition occur. In the 
most favourable circumstances the applied voltage must 
be at least equal to the sum of the electrode potentials of 
the two ions at the concentrations at which they are present 
at the electrodes, but this is only when the decomposition 
occurs reversibly, and in practice where irreversible processes 
always occur to some extent, a higher voltage must be 
applied. The cost of the power supplied electrically depends 
not only on the current, but also on the voltage at which it is 
used, and the power consumption is measured in kilo-watts— 
I kilowatt=iooo watts=iooo volt-amperes 

The energy consumption is measured in kilowatt-hours ; 
I kilowatt-hour being the energy supplied by i kilowatt in 
I hour, i.e. the unit of energy is the product — 

I volt X I ampere X 1000 X 60 x 60 

The current is measured by an ammeter in series with 
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the main circuit, the voltage by a voltmeter comiected across 
the terminals of the electrolytic cell, and the power consump- 
tion may then be determined from the readings of the two 
instruments, or may be determined separately by a wattmeter. 
The general arrangement for electrolysis is shown in 
Fig. 34. D is the dynamo producing the current, R is a 




Fig. 34. — Electrolysis. 

regulating resistance, A is the ammeter, V the voltmeter, 
and C the electrolylic cell. 

If several electrolsrtic cells are used they may be con- 
nected in series (A in Fig. 35), or in parallel (B in Fig. 35), 
or in a combination of series and parallel, called multiple-arc 
(C in Fig. 35), according to requirements. 

According to the mode of connection the current through 
the cells may be varied with a constant value of the applied 
voltage of the dynamo. Thus if each cell has a resistance 
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Fig. 35. — ^Electrical Connections. 

of 5 ohms, and the applied voltage is 25 volts, then if four 
cells are used — 

(i.) In series: 0=25/4x5=25/20=1-25 amperes ; 

(ii.) In parallel: 0=25/5-^4=100/5=20 amperes ; 

(iii.) In two groups of two in series : 

C=25/f — -f — j=25/io=2-5 amperes 
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The terminal voltage is equal to the applied voltage, 
i.e. the voltage of the dynamo, minus the watts lost in the 
cell=E— CR. In the three cases considered above the 
reading of the voltmeter connected with the cell terminals 
would be in all cases when it was connected with the extreme 
terminals, 25 volts, but if it was coimected with say the 
second cell in the series of four, the voltmeter would give 
the reading 25—5 Xi'25=i875. 

It is the aim of the electrochemist to arrange the electro- 
l3rtic process so that, in the first place the power consumption 
shall be as small as possible, and in the second place so that 
the process shall proceed as smoothly as possible, that is, 
that secondary processes do not occur and large changes 
of voltage and current do not appear during the progress 
of the operation. The voltage will usually be fixed, and it 
is necessary to ensure that changes of the current do not 
occur to any appreciable extent ; thus the concentration 
of the electrolyte must be kept nearly constant throughout 
the course of the electrolysis, and the cells are usually con- 
nected in parallel. 

The Current-efficiency of the process is the percentage 
of current which is usefully employed in the process, and is 
calculated from the actual yield as compared with the 
theoretical yield according to Faraday's law. 

We shall now pass on to a more detailed account of 
the different types of cells. Further information as to the 
subjects of this chapter may be found in the books on 
Electrochemistry. 

Cells with fused Electrolyte. — After several unsuc- 
cessful attempts by inventors to electrolyze fused salt on 
a large scale, the Acker process was started at Niagara 
in 1900. In this process fused salt, with or without the 
addition of fluorides to promote fusibility, was used over 
a cathode of molten lead or tin, which formed an alloy with 
the sodium liberated. This alloy was run out of the electrode 
space, and decomposed by blowing steam through it, when 
fused caustic soda was produced. The voltage applied 
was 675, the current efficiency was 54 per cent. On account 
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of the high temperature the consumption of electrodes was 
great. In 1907 a fire started, and the works was destroyed. 
It has not been reconstructed. 

Cells with Solutions and Diaphragms.— («) Gries- 
heim-Elektron Type — extensively used in Germany, France, 
Riissia, and Spain. 

In the various works using this typt of cell 33,000 H.P. 
are expended, with the production of 70,000 tons of caustic 
soda and 120,000 tons of bleaching- powder. The cells are 
formed (Fig. 36) of a number of porous diaphragms fitted 
into an iron tank, lined inside with cement, by means of 
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Fig. 36. — Griesheim Cell. 



iron slides like window-frames. The composition of the 
diaphragms is nominally secret, but as an illustration the 
patent of Breuer (1884) may be mentioned, in which cement 
is mixed with salt and cast into slabs. When these are 
placed in water the salt dissolves out leaving a porous 
mass. The anode cell is rectangular ; usually six to twelve 
are used. Sheet-iron plates form the cathodes, the tank 
being connected with them, and the anodes are of carbon. 
Such electrodes are usually made of artificial graphite, 
manufactured by the Acheson Graphite Co. at Niagara by 
heating coke in an electric furnace ; electrodes of Fe304, 
fused in the arc and cast, are also used. The cell is surrotmded 
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by a steam jacket, and the brine is run into the anode 
chambers through pipes in the lids. Chlorine is led off 
through a second lot of pipes to a main. The cathode tank 
is provided with a rim-off cock for the caustic liquor. The 
temperature is maintained at 8o°-90°, the current density 
100-200 amperes per sq. metre, the voltage 3'5-4'0. all 
the cells being in parallel. Diaphragms of silicated asbestos 
are largely used in America with this type of cell. 

(6) The Har greaves-Bird Cell. — ^This cell is largely used 
at Middlewich in Cheshire. The cells 
(Fig. 37) are narrow rectangular boxes, 
the top and bottom of which are of 
cast-iron, and the sides are made of sili- 
cated asbestos to serve as diaphragms, 
which are o-i in. thick. Outside the 
diaphragms, and in close contact with 
them, are the cathodes of copper gauze 
or perforated sheet copper. The anodes 
consist of lead cores, on which are 
strung rough blocks of gas-carbon, 
the lead being covered in with cement 
j W^ \ 1 ^^^^^ ^^ ^ exposed. Brine is fed in 

I I JK I at the bottom and the spent liquor 

^J^. . ^IP j _! run off at the top. The sodium ions 
^^ pass through the diaphragm, which is 
impervious to sodium chloride, and 
F1G.37.— H^greaves-Bird sodium is deposited on the cathode. 
Either steam or a mixture of steam 
and carbon dioxide is blown on the cathode surfaces, which 
are enclosed in an iron box, and either caustic soda or sodium 
carbonate is formed, the concentrated solutions running off 
at the bottom to vacuum evaporators. Chlorine escapes 
through the pipes at the top, and is led to the bleaching 
powder chambers. Each cell has 10 sq. m. cathode, and 
decomposes 106 kilos. NaCl per 24 hours, with 2300 amperes 
at 4'5 volts. The current efficiency is 97 per cent. 

Cells with Moving Mercury Cathodes. — Such cells 
are the Castner and Castner-Kellner types. The difficulties 
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formerly encountered in the use of diaphragms led Castner 
in America and Kellner in Austria to devise cells without 
diaphragms, in which metalUc mercury is used as cathode, 
as in the earliest experiments of Davy, and forms an amalgam 
with the sodium liberated. This amalgam is then treated 
with water, when a solution of caustic soda, and hydrogen, 
are produced. The mercury then passes back to the cathode 
compartment. The early Castner-Kellner, or " Rocking- 
table " cell (Fig. 38), which is still in use, consists of a shallow 
slate tank, divided into three compartments by slate parti- 
tions which do not quite touch the floor. The floor of the 
tank is covered with mercury, which seals the three compart- 




FiG. 38.— Castner-Kellner Cell. 

ments. Each end compartment is filled with strong brine, 
the middle one with water. In the original Castner cell the 
mercury was the cathode, and by giving a rocking motion 
to the cell by means of an eccentric, the amalgam flowed 
to the central compartment, where it was decomposed by 
the water. Kellner introduced an iron cathode in the inner 
compartment, and thus utilized the E.M.F. generated there. 
In the latest tjrpes of cells the tables are fixed, and the 
mercury is circulated by an Archimedean screw, finally 
dropping over a cascade into water to free it from sodium, 
after which it re-enters the cycle. Anodes of platinum 
gauze are now used instead of carbon. The current 
efl&ciency is 90 per cent., the voltage is 4-3. I^arge works 
tising the Castner-Kellner cells exist at Niagara Falls ; a 
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smaller works is in operation at Weston Point, near lyiverpool. 
The advantages of the process are the purity of the alkali, 
the high concentration of caustic solution produced, the 
high current efficiency, and the absence of secondary 
reactions. Its disadvantages are the high voltage, the cost 
of the mercury, of which 72 tons are required for a 6000 H.P. 
plant, and the high cost of erection. 

Gravity Cells. — In these the separation of the anodic 
and cathodic liquids is effected by their diEferent densities. 
A familiar type is the " Glocken," or Bell, cell (Fig. 39) of 
the Chemico-Metallurgical Co. of Aussig (Austria), in which 
the anode and cathode are separated by an inverted bell 
of non-conducting material. The anode is carefully adjusted 
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Fig. 39. — Gravity Cell. 

at the proper height inside : the cathodes are iron plates. 
The dense NaOH solution falls down and is run off by a cock, 
brine entering continuously into the bell. Chlorine escapes 
through the lid. A smaller type of this cell is now made, 
25,000 of which are required for 3000 H.P. 

Billiter-Leykam Cell. — This is a combination of the 
diaphragm and bell types. The bell is made small, and is 
closed at the bottom with a nickel or iron net on which 
rests a sheet of asbestos cloth surmounted by a powder 
composed of an insoluble substance such as a:lumina or 
barium sulphate, mixed with asbestos wool and made into 
a paste with brine. The carbon anode is placed inside the 
bell, and brine is introduced above the diaphragm and flows 
through it. The cell is heated to 85°, and has a current 
efficiency of 92 per cent. It is said to work very 
satisfactorily. 
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Section VI.— THE MANUFACTURE OF CHLO- 
RINE AND DERIVED PRODUCTS 

Chlorine. — The industrial methods of preparing chlorine, 
are — 

(i) The oxidation of hydrochloric acid — 

(«) By the action of manganese dioxide. 

(b) By the action of nitric acid. 

(c) By atmospheric oxygen, in presence of cata- 

lysts. 

(2) Electrolysis of chlorides, especially sodium chloride. 

(3) From salt, sulphuric acid, and manganese dioxide. 

(4) From magnesium chloride. 

Process (i) {a) is used in connection with the manganese 
recovery process of Weldon ; process (i) (c) is the Deacon 
process ; the electroljrtic processes include the Acker, the 
Griesheim, the Castner-Kellner, and the so-called " Glocken " 
or bell type. The rest of the processes, except possibly one 
type of (4), are no longer in use on a large scale. Although 
some chlorine is made in small works by process (3), it is 
usually more convenient to buy liquid chlorine in steel 
.cylinders from the large manufacturers. 

The Weldon process. — In this process chlorine is 
obtained by oxidizing crude concentrated hydrochloric acid 
from the saltcake furnaces (which should contain as little 
stdphuric acid as possible to avoid formation of calcium 
sulphate in a subsequent stage of the process) with com- 
mercial manganese dioxide in the form of the mineral Pyro- 
lusite (75 to 85 per cent. Mn02) in the first instance, and 
with recovered manganese dioxide in the further working of 
the process. Pyrolusite is found in Germany, Bohemia, 
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Spain, Russia, India, Atistralia, Japan, and the United 
States. Most of that used in Great Britain comes from 
South Russia. Softer ores are preferable to hard ones, and 
the ore is sold on the percentage of Mn02 it contains, as the 
lower oxides of manganese are less efficient and carbonates 
waste hydrochloric acid. The ore is broken up into pieces 
of suitable size and charged into the chlorine stills (Fig. 40), 
made in this country of a special sandstone found at South- 
owram, and hence called " Yorkshire Flag." Other stone 
found at Heworth, near Newcastle-on-Tyne, requires boiling 
in tar to render it impervious. Suitable stone is found in 
Germany, but the finest natural acid-resisting material is 
the volvic lava of Puy-de-Dome (France), already referred 




Fig. 40. — Chlorine Still. 

to in connection with the concentration of sulphuric acid. 
This comes into the market in the form of blocks and slabs 
ready for tise. Substitutes for volvic lava are " Obsidian- 
ite," made by Davison & Co., Buckley, near Chester, and 
" Nori " ware, made by the Accrington Brick and Tile Co. 
These materials have the advantages of cheapness and 
resistance to high temperatures. 

The flags forming the stills are joined at the edges by 
bevels or otherwise, the joints being tightened by putty or 
rubber cord. The inside measurements are 7 ft. by 5 ft. by 
3 ft., and upwards. Six to ten cwt. of ore are placed through 
a manhole on the false bottom A, and the acid nm in through 
the pipe B. Steam is blown in cautiously at intervals 
through the lead pipe C, terminating in a stoneware column. 
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having at the top a tap protected from chlorine by a water- 
seal. The gas is evolved through the pipe D, which also 
has a water-seal in the pot. After 24 to 48 hours the 
reaction is complete, and the still-Uquor is run off into the 
Weldon plant for recovery of the manganese. It is still 
acid, as complete oxidation is never attained. The oxida- 
tion appears to go best with 28-30 per cent. acid. 

The Weldon process was begun by Walter Weldon in 
1866, at Gamble's works in St. Helens, and in 1869 the 
manufacture commenced. The principle of the method is as 
follows. 

The acid solution of manganese and ferric chlorides from 
the stills is agitated with limestone or ground chalk in the 
well A (Fig. 41), where free acid is neutralized and ferric 
hydroxide precipitated. The liquor is pumped into iron 
tanks B, and allowed to settle. To the settled liquor, run ofE 
into the oxidiser C, about 10 ft. diameter by 30 ft. deep, milk 
of lime is added in 30-40 per cent, excess of that required 
to precipitate all the manganese as Mn(OH)2. This addition 
of excess lime is the vital point of the process, as Gossage 
in 1837 li3.d failed through adding only the theoretical 
amount of lime. The mixture is now warmed to 55°-6o*' 
by steam, and air blown through for about 2J hours by a 
powerful blowing engine. The compound CaO.Mn02, or 
calcium manganite, is precipitated. By adding more still 
liquor and contiuuing the blowing, this is converted into 
Ca0.2Mn02, which is run out into the settlers D, allowed 
to settle out, and then run off as a thin mud — " Weldon 
mud " — into the special stills E. Complete oxidation of 
MnO to Mn02 can, as Weldon found, take place only in 
presence of strong bases; such as lime, because Mn02 has 
acid properties, and in the absence of bases will combine 
with unchanged MnO to form MnO.Mn02 or Mn203, but more 
slowly than with lime. About 168 cu. ft. of air at normal 
pressure is required to convert i lb. MnO to Mn02 ; this is 
about 13 times the theoretical amount. 

The Weldon stills, sometimes called " Octagons " from 
their shape, are usually much larger than the ones previously 
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described, say 7 ft. by 7 ft. by 8 or 9 ft. high, or in large 
works 12 ft. high and wide, and octagonal in shape. The 
cover is dome-shaped, has an inlet for steam and an outlet 
for CI 2- The chlorine is carried off through stoneware pipes, 
and is dried by passing through cooling pipes, or even through 




Fig. 41.— Weldon Plant. 

a sulphuric acid tower. The mud is run in at the top through 
a furmel, the acid halfway up through a pipe, and the 
waste liquor out at the bottom back to the recovery plant. 

Constant testing of the products at each stage of the 
process is necessary for proper working. The efficiency 
B. 8 
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is 45 to 70 cwt. salt (NaCl) per ton of bleacliing powder 
(37 per cent.), taking the first and last products, whicli 
works out at less than 32 per cent, on the chlorine. Fresh 
MnOa to the extent of 3 parts for every 100 parts of bleaching 
powder made must be added, by working it through ordinary 
stills as described, to cover losses. 

The theory of the Weldon process has not been completely 
elucidated ; it is probably somewhat as follows. When 
manganese dioxide is dissolved in cold concentrated hydro- 
chloric acid a dark brown solution is obtained, which appears 
to contain MnCli. If this is diluted with water, hydrolysis 
occurs, and manganic hydroxide, Mn(0H)4, is precipitated. 
Hence the acid used in the process must not be too dilute. 

(i) Mn02+4HCl=MnCl4+2H20 

If the dark solution is warmed it breaks up into chlorine 
and a solution of manganous chloride — 

(2) MnCl4=MnCl2+Cl2 

The further reactions of the process are usually formulated 
as follows : — 

(3) MnCl2+Ca(OH)2=Mn(OH)2+CaCl2 

(4) Mn(OH)2+Ca(OH)2+0=Mn02.CaO+2H20 

(5) Mn02.CaO +CaO H-MnCla +0 ^Ca0.2Mn02 +CaCl2 

Half the chlorine of the hydrochloric acid used is therefore 
always wasted in the form of calcium chloride. The oxida- 
tion in the Weldon process is effected by the change of the 
tetravalent manganese ion, Mn"", formed in reaction (i), 
to the divalent ion Mn", with simultaneous liberation of two 
chlorine ions in the form of elementary chlorine — 

Mn""+2Cl'-»Mn"+Cl2 

The electro-affinity of chlorine is 1-35 volt, hence the 
available energy absorbed in the formation of CI2 from 
2Cr is 2 Xi"35X 23,046 cal. =62,224 cal. (cf. "Thermo- 
dynamics," p. 479). The electrode potential of the reaction 
Mn""-»Mn" is 3-20 volt, and the affinity is therefore 
3"2X 23,046 =73,747 cal., which indicates that tetravalent 
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manganese is a powerful oxidizing agent (cf. Abegg, " Hand- 
buch der anorg. Chem.," vol. iv. p. 804), This exceeds the 
absorption of available energy for the formation of chlorine 
by 11,500 cal., and the reaction therefore occurs spon- 
taneously, even in the cold. 

The regeneration of manganese in the process depends 
on the further oxidation of the divalent manganese ion by 
atmospheric oxygen in presence of the hydroxyl ions from 
the lime — 

Mn" +20H'^Mn(0H) 2 
Mn" +2OH' +H20+i02^tMn-- +4OH' 
Mn'— +40H'^tMn(OH)4^tMn02+2H20 
The chief point to be attended to in practice is the 
proportion of " base " to manganese dioxide in the resulting 
mud. By " base " is understood all constituents of the 
mud which neutralize acid, leaving behind pure Mn02 
(lyunge). The following results (from I/imge) show the 
progress of the operation in different stages, the proportions 
of constituents being in equivalents : — 

1st operation : charging the oxidizer and adding the 
lime — 

iooMnCl2 +i6oCaO =iooMnO +6oCaO +iooCaCl2 
2nd operation : blowing — 
lOoMnO +6oCaO +860 

=86Mn02 +i4MnO +6oCaO 
=48CaO.Mn02+i4MnO.Mn02+i2Ca0.2Mn02 
=86Mn02+74(CaO and MnO) 

3rd operation : final addition of still liquid — 

48CaO.Mn02 + 24MnCl2 

= 24Ca0.2Mn02 + 24MnO +24CaCl2 

4th operation : second blowing — 

24MnO +12O =i2MnO.Mn02 

Apart from the calcium chloride there remain — 

From the 2nd operation 

i4MnO.Mn02+i2Ca0.2Mn02 
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From the 3rd operation 24Ca0.2Mn02 
From the 4th operation i2MnO.Mn02 
Altogether 26MnO.Mn02+36Ca0.2Mn02 
or 98Mn02+36CaO+26MnO 

Hence from 100 equivalents of MnO originally em- 
ployed, and 24 added in the third operation, there are 
obtained — 

(i) 98 equivalents Mn02 instead of 124 possible, i.e. 

79 per cent. 
(2) 62 equivalents bases, viz. 36CaO+26MnO. 
By adding the final still liquor in operation (3) the 
proportion of Mxi02 to MnO has been lowered from 86 to 79 
per cent., but the bases have been diminished even more, 
viz. from 74 to 62, which is the important point. 

The Weldon process may proceed improperly, owing to 
faulty working, in two ways, named after the properties 
of the mud obtained : — 

(i) " Foxy," or " red," batch — obtained by blowing too 

hard before adding a sufficient excess of lime in 

the first operation, when free MnO is oxidized 

directly to red Mn^Oi, ^s in the original unsuccessful 

procedure , of Gossage before the excess of lime 

was introduced by Weldon. There is no cure for 

this when once the red batch has appeared, and 

it must be worked up in the stills, with consequent 

loss of acid. 

(2) " Stiff " batch — obtained by insufficient air blast, 

too high a temperature, or too much lime. The 

mud then becomes crystalline and very stiff, and 

tends to choke the blast. The cure is to put on 

the full force of the blast at once, and add more 

still liquor to dissolve the excess of lime. 

The Deacon Chlorine Process. — After earlier tm- 

successful work, H. Deacon and F. Hurter, from 1868 on, 

evolved a process for the direct oxidation of hydrochloric 

acid by atmospheric oxygen in presence of a catalyst — 

4HCI +02;t2H20 +2CI2 
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The catalyst used is cupric chloride, and according to 
Hurter its action is simply as follows : — 

(i) aCuCla-^CuaCla+Clg 

(ii) 2Cu2Cl2+4HCl+02-»4CuCl2+2H20 

In any case, it is clear that the Deacon process involves 
the partition of hydrogen between chlorine and oxygen. 
Experiments on this reaction in the gaseous state at the high 
temperatures produced by explosion were made by Harker 
(" Inaug. Diss.," Tiibingen, 1892) ; further measurements 
with a view to elucidating the mechanism of the Deacon 
process were made by Lunge and Marmier (1897), G. N. Lewis 
(1906), and von Falckenstein (1907), all of which are referred 
to in Haber's " Thermodynamics." At the temperature at 
which the reaction is carried out, the affinity of hydrogen 
for oxygen is greater than its affinity for chlorine.- As a 
measure of the affinity is taken the available energy A ; 
the reasons for the adoption of this magnitude rather than 
the heat of reaction Q, formerly used, depend on the follow- 
ing characteristics of chemical affinity : — 

(i) It must depend reciprocally on at least two sub- 
stances, and on the products of their interaction. 

Thus, we can speak of " the affinity of hydrogen for 
oxygen to form water," or " the affinity of oxygen for 
hydrogen to form water," both phrases having exactly the 
same meaning. Such expressions as " the affinity of 
oxygen," or " the affinity of oxygen for hydrogen," are 
quite meaningless, as the products may be different, e.g. 
steam, or hydrogen peroxide. 

(2) It is a function of temperature, pressure, and often 
of the nature of the medium in which the reaction occurs. 

(3) It is affected by the masses of the interacting sub- 
stances according to the law of mass action. 

It must be noticed that the " affinity " as understood 
in (2) and (3) is not quite the same as that considered on 
p. 38, but the latter, which is the real affinity apart from 
other factors, cannot at present be measured. 

(4) When the numerical measure of the affinity is positive. 



ii8 



ALKALI INDUSTRY 



the given reaction can occur; when it is negative, the 
opposite reaction ; when zero the interacting substances are 
in equilibrium with the products of the reaction, 

(5) Affinity is elective, i.e. if the affinity of X for Y to 
form XY is greater than the affinity of X for Z to form XZ, 
then XY is formed preferentially to XZ in the system com- 
posed of X, Y, and Z. 

Of these conditions, (i) and (2) are satisfied by the heat of 
reaction Q, but not the others ; all are satisfied by the avail- 
able energy A, which is in this case often called the affinity. 

The equation of mass action — 

2;wilog[Ai]=logK 
applied to the Deacon process, gives — 

[HC1]*X[02] 
or if partial pressures are used — 



P^HCl- Po, 



= k. 



or 



pHCl-P^O^ 



=k'=Vk' 



From the experiments referred 
calculated the following table : — 



to above, Haber has 



Temperature 


A' obs. 


K calc. 


Observer. 


352 


4' 02 


4-57 


Lewis. 


386 


3-02 


3"4° 


„ 


419 


2-35 


2-62 




430 


2"5 


2-42 


Lunge and Marmier. 


450 


2'26 


2-10 • 


V. Falckenstein. 


480 


2'0 


i"73 


Lunge and Marmier. 


600 


I"52 


0-90 


V. Falckenstein. 


650 


0-794 


0-728 


„ 


1537 


0-123 


0-133 


Lowenstein. 



The values of " A calc." were obtained from the equa- 
tion (i) — 

4logfe'=log ^^"'°f ^"' = gg^-r86 log T+o-ooo722T-2-i7 

POj? HCI J- 

which was derived by Haber from various considerations. 
The same considerations as to temperature and yield 
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hold in the case of the Deacon process as in the contact 
process for sulphuric acid (see p. 45). The reaction is 
accompanied by evolution of heat, and increase of 
temperature diminishes the yield in equilibrium. At 
low temperatures, however, the reaction does not occur 
sufficiently rapidly, and an optimum temperature must 
therefore be fixed. This has long been known empirically, 
and is 400°-50o''. Probably 45o°-46o° is the best tempe- 
rature ; below this the velocity is too small to give a satis- 
factory yield, whilst above it volatilization of cupric chloride 
(which can never be avoided) becomes excessive. 

Many experimental detaik of value in large scale working 
will be found in the work of Lunge and Marmier, which is 
fully considered in Haber's book. 

In the Deacon process we have an excellent illustration 
of the application of a catalyst; unless we can find some 
substance which can speed up the velocity of the reaction 
so that it attains its equilibrium values at low temperatures, 
where these equilibrium values are favourable to the yield, 
the process could not be worked, as the equilibrium values 
corresponding to the high temperatures at which the normal 
reaction velocity (without catalyst) is appreciable are too 
small to be of value. In cases where the reaction is endo- 
thermic, the equilibrium value increases along with the 
velocity on rise of temperature, and this difficulty does not 
arise {e.g. formation of NO from air in the arc). 

The yield in the Deacon process may be calculated simi- 
larly to that in the contact process for SO3 (p. 43). 

If « is the fraction of the HCl decomposed, giving - mols. 

Cl2and(i-«)HC1— 



If we put- 



then 



[HCl] 2(1 -«) 






2(i-;<:) p*oy 



[H2O] 
[CI2] 
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or, if the initial gases are dried, as is always the case, 
rf^ T = I, and then — 

2{i-x)-p*o, 

Excess of oxygen is therefore favourable to the yield, 
but since the partial pressure enters the product as the 
fourth root, it will have little effect on the result ; an increase 
of the oxygen pressure i8 times only increases the yield from 
60 per cent, to 75 per cent. 

In the experiments of lyunge and Marmier, dry mixtures 
of hydrochloric acid with air or oxygen were passed over 
broken bricks soaked in a solution of cupric chloride, and 
heated at a temperature of about 450°. The calculation of 
their results, as made by Haber {loc. cit.), is as follows : — 

Temperature : t =430° C. 

Initial gas : HC1=8"5 per cent. ; 02=9i'5 per cent. 
Pressure =737 mm. 
X observed =0*83 
hence 

HCl oxidized =0-83 x8'5=7-05 c.c. 
.•. CI2 produced =3*52 c.c. ; H2O produced =3-52 c.c. 
O2 consumed =i"76 c.c. 

Final gas : composition in c.c. at 737 mm. 



Total 


CI2 


HCl 


O2 


H2O 


98-23 


3-52 


1-45 


8974 


3-52 



.-. ^o =^p4 X ^ = 0-888 atmo. 
' 98-23 760 

^*o,= 0-968 

X 

— r=2-44 

= A' =2-51 



" 2[T-x) p^y 

A similar experiment at 480° gave k' =2-0. 
The value calculated from equation (i) for T= 480 +273 
is ^'=1-73. 
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Lunge and Mannier detected a considerable decomposi- 
tion even at 310°, but the lowest temperature for technical 
working is above 400°. In addition, the rate of flow must 
be adjusted to give equilibrium. Initial gas mixtures con- 
taining only a little HCl were, of course, more rapidly 
brought to equihbrium than those containing more, and it 
was found that, below 480°, the equilibrium constant was 
abnormally low with gases rich in HCl. Above 480° this 
influence of velocity disappeared, so that equilibrium must 
then be attained rapidly. With mixtures rich in hydro- 
chloric acid, showing an equal ratio HCl/Oj, the oxidation 
was greater with air than with pure oxygen. lounge and 
Marmier considered that this result was not in harmony 
with the law of mass action, but the true explanation was 
given by Haber. The air mixture comes nearer to the 
equilibrium value on account of its lower acid content, whilst 
in the oxygen mixture the velocity of reaction is not high 
enough to transform the large quantity of hydrochloric acid 
into chlorine, although the increased oxygen concentration 
actually makes the reaction velocity higher. This is a good 
illustration of the necessity of making measurements with 
different rates of flow, and otherwise making certain that 
equilibrium is actually attained. Certainty on the second 
point can only be attained when it is shown that the same 
final state is reached with mixtures of HCl and O2 as with 
mixtures of Clg and H2O. 

As a result of these experiments, one may conclude that 
the equilibrium constant of the Deacon process — 

^HCl-^*0, 

has the value 2*0 at 480° C, when the gases are under atmo- 
spheric pressure. The calctdated value is 173. The 
calculated value at 430° is 2*42, which confirms the experience 
that the lowest temperature compatible with attainment 
of equihbrium is the best. 

The practical method of carrying out the Deacon process 
is as follows. A mixture of i vol. HCl and 4 vols, air is 
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produced from the salt-cake furnace gas, and is passed by 
a hot Root's blower through cooling pipes and scrubbers. 




Fig. 42. — Deacon Converter. 

where most of the moisture is removed. The gases are then 
dried in a sulphuric acid tower, and pass to a preheater, 
composed of 26 vertical iron pipes, i ft. wide and 9 ft. high. 
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arranged in two sets in a furnace, where they are heated 
to 450°. The waste heat is used for heating the converters, 
to which the gases now pass. These (Fig. 42) are upright 
iron cylinders, 12-15 ft. wide, containing a ring of broken 
bricks dipped in a solution of cupric chloride (0-6-07 P^^ 
cent, of copper in the mass), supported by iron shutters. 
The gases enter at the circumference, pass through the 
catalyst to the itmer space, and are led off by a pipe. The 
annular space between the shutters is 3 ft. wide, and is 
divided into six compartments, one of which is emptied and 
refilled every fortnight. The spent catalyst is thrown away. 
The loss of copper is 3-4 lbs. per i ton bleaching powder 
produced. 

Only two-thirds of the HCl is converted into chlorine, 
and the steam and unchanged HCl are condensed out in 
earthenware pipes and a water tower, where strong acid is 
recovered. The gases, containing 5 to 10 per cent, of CI2, 
are then dried in a sulphuric acid tower, and used in a special 
apparatus for making bleaching powder. The fuel con- 
sumption is 6-10 cwt. per ton of bleaching powder produced. 
The presence of H2SO4, SO2, CO2, and AS2O3 in the hydro- 
chloric acid is prejudicial, and these impurities must be 
removed. Only the " pan-acid " (cf . p. 63) can be used 
directly : the " roaster-acid " must be absorbed separately 
and sold. Hasenclever (1888) patented a process for 
producing a steady stream of pure hydrochloric acid gas 
by mixing the impure liquid acid with a Uttle strong sul- 
phuric acid in towers, and blowing out the HCl gas with a 
stream of air. The cost of re-concentrating the sulphuric 
acid has then to be taken into account, but the working 
of the Deacon process is more regular, and " roaster-acid " 
may then be used. This improvement of Hasenclever's 
has brought the Deacon process to the forefront of the 
successful chlorine processes. 

The improved Deacon process is largely replacing the 
Weldon plant, as the latter wastes up to 70 per cent, of 
the chlorine. 

The following figures (from Davis, " Chem. Eng.") 
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show the influence of temperature on the yield in starting 
up a Deacon plant : — 



260° 


No decomposition. 


366° 


5 grains CI per cu. ft. gas 


377° 


12 ,, „ 


399° 


17 - 


420° 


26 „ 


435° 


34 .. 



Chlorine from Magnesium Chloride.— The loss of 
chlorine in the Weldon process led its inventor to look around 
for an improvement, and the similar loss in the ammonia- 
soda process also leej to attempts at chlorine recovery from 
calcium or ammonium chloride. 

The Weldon-Pechiney Process consisted in heating 
magnesium chloride in a current of air, and was worked for 
sohie years at Oldbury in England, and at Salindres in 
France. It has been abandoned, as it could not compete 
with the Deacon process if hydrochloric acid were used as 
initial substance, but it is used at the ammonia soda works 
at Szakowa (Galicia) . The reaction involved is — 

zMgCla+HaO+lOa =2MgO+2HCl+Cl2 

The process was worked as follows. A mixture of 
powdered MgO and Mg20Cl2 from a later stage of the process, 
made in such proportions that the evolution of heat in the 
neutralization is suitably reduced, is dropped into hydro- 
chloric acid imtil this is neutralized. A little oxide of iron 
and altimina are deposited, and the liquid is run into settling 
tanks. The clear liquid is evaporated in an iron boiler to 
the composition MgCl2.6H20, and this is run into a circular 
iron vessel with rotating paddles, where it is mixed with 
powdered magnesia until the mass solidifies, producing 
MggOClg. This oxychloride, which is very hard, is broken 
up by letting it drop through rollers bristling with diamond 
points. The pieces are further dried on shelves, run on 
trucks through a tunnel against a current of air at 300°, 
^ when 60 per cent, of the water is removed. The lumps are 
then heated in special brickwork furnaces, previously heated 
to 1000° by large Bunsen burners, and a blast of air forced 
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through the mass. The unchanged HCl and steam are con- 
densed out in water, and chlorine passes on. 

Of the total CI in the mass, 6-7 per cent, comes o£E in the 
drying process, and 14 per cent, remains undecomposed. 
37 per cent, comes off as HCl, and 42 per cent, as free chlorine. 
Less than half the chlorine is thus obtained free, but only 
7 per cent, is actually lost. 

In Mond's process, which was worked at Wilmington in 
1893, the chlorine in ammonia-soda liquors was to be utilized. 
The solution of NH4CI from which the NaHCOs had separated 
was crystallized and the NH4CI heated in an iron retort. 
The HCl and NH3 gases were passed over lumps of magnesia 
at 350° C, which removed HCl to form the oxychloride, 
Mg20Cl2. The NHs passed on to the alkali process. If a 
neutral gas was passed through the Mg20Cl2, heated to 500°, 
and then in a current of air at 8oo°-iooo°, chlorine was 
evolved — 

Mg20Cl2+ JO2 =2MgO +CI2 

Oxidation with Nitric Acid.— Taylor (1884) modified 
the process of Dunlop (1849), in which the reactions — 
(i) 3HCI +HNO3 =Cl2 +N0C1 +2H2O 
(2) N0C1+H2S04=S02(N02)(0H)+HC1 

alternate. A series of towers packed with ganister were 
used, through which HCl was passed, and down which 
alternately HNO3 of sp. gr. i 4 and H2SO4 trickled. The HCl 
was finally removed in a water tower, and the CI2 dried by 
a sulphuric acid tower. The nitrous vitriol from the towers 
was used in a Glover tower, or denitrated by dilution, 
and re-concentrated. According to I/Unge, the nitric acid 
must be heated to 80° in order to get good results. Davis 
(1890) introduced air into the last of three towers down 
which nitric acid trickled ; this was supposed to regenerate 
nitric acid, but residual NOCl had to be absorbed by a sul- 
phuric acid tower — 

(i) 3HCI +HNO3 =Cl2 +N0C1 +2H2O 

(2) N0C1+HN03=N204+HC1 

(3) N204+2HC1=N203+H20+Cl2 

(4) N203+02+H20=2HN03 
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These processes are no longer worked. 

Bleaching Powder. — In 1785 BerthoUet proposed to 
use chlorine water for bleaching, and its use was started at 
Aberdeen in 1787, and in a works near Bolton (I/ancs.) in 
1788. In 1789 the so-called " Eau de Javel " was manufac- 
tured by passing chlorine into cold caustic potash solution — 

2KOH +CI2 =KC1 +K:C10 +H2O 

The product was, however, too expensive to find much 
application ; and it was not until 1798 when Charles Tennant 
proposed to use lime for the absorption that the manufacture 
of bleaching substances from chlorine was commercially 
possible. At first he used milk of lime — 

2Ca(0H) 2 +2CI2 =CaCl2 +Ca(OCl) 2 +2H2O 

but in 1799 he began to use dry slaked lime, and the manu- 
facture was begrm in that year at the St. Rollox works, 
Glasgow, the " Bleaching powder " being sold at ^£140 a ton. 
I^ime had previously been used in I^ancashire, and Tennant's 
patent was declared void. The works, however, continued 
to make the bleaching powder, and is still in operation. 
The present world's production is about 300,000 tons per 
annum. 

The nature of the product of absorption of chlorine gas 
in dry calcium hydroxide has been the subject of many 
researches and speculations and is still not known com- 
pletely. At first it was assumed to be a direct addition com- 
pound of lime and chlorine — " chloride of lime " — CaO.Cl2 ; 
then Balard in 1835 suggested that it was a mixture of 
calcium chloride and hypochlorite in equivalent proportions, 
Ca(OCl)2.CaCl2, with excess of lime. The constitution at 
present assumed is that proposed by Odling, which is 
supported by the experiments of lyunge, Schappi, and Naef, 
who showed that calcium chloride does not exist in the 
powder, but is produced by the action of water. Odling's 
formula is CaOCl.Cl. 

The method of manufacture is simple in theory. The 
lime is produced by slaking a pure quicklime {e.g. Buxton 
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lime, 98-99 per cent. CaO) by sprinkling it with water and 
turning over with a spade. When a fine powder is formed 
it is allowed to stand for ten hours to cool, and is then sieved 
(12-18 wires to the inch). Mechanical slakers, in which the 
lime is treated with water in closed vessels with agitators, 
are also used ; they are more rapid and create less dust than 
hand slaking. The powder should contain about 4 per cent, 
excess water and not more than 2*5 per cent. COg. 

The slaked lime is then spread in a thin layer on the floors 
of chambers made of lead, 6| ft. high, 10-20 ft. wide, and up 
to 100 ft. long, with a floor prepared with asphalt. Two 
doors with glass windows are placed at opposite ends of a 
chamber. The lime is raked into furrows by wooden rakes, 
all joints except an air hole (afterwards closed) are luted, 
and chldrine is admitted. The absorption, which is followed 
by observation of the colour of the gas through the windows, 
is rapid at first, but slows off, and after 12-24 liours is com- 
pleted. It may be necessary to rake the lime again and 
rechlorinate, but when the process is finished — recognized 
by the absence of dust in the powder, which may be kneaded 
between the fingers — ^the excess of chlorine in the chamber 
is removed by blowing in a fine dust of Ume by means of 
a hopper and fan (Brock and Minton, 1886). For 10 tons 
of bleach, 4 to 5 cwt. lime dust are used, which produce 6 cwt. 
additional bleach. The product is raked out of the chambers, 
and should contain at least 37 per cent, available chlorine ; 
up to 39 per cent, is manufactured. 

With chlorine from the Deacon plant, or other dilute 
gas, a large number of chambers fitted with shelves, through 
which the gas passes on the coimter-current principle, are 
used. They are made of flagstones, with iron pipes, and are 
arranged in pairs, the gas passing up one side and down the 
other. Eleven double chambers are arranged in series, with 
16 shelves in each, on which lime is spread ^i in. thick. 
500 sq. ft. surface are required per ton of bleach made 
per week. 

Hasenclever's mechanical absorbers, consisting of several 
superposed lead or iron cylinders, through which lime is pushed 
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by worm-screws or scrapers in the opposite direction to the 
gas, are also coming into use (Fig. 43). With strong gases. 




such as are produced by electrolytic processes, the chamber 
absorbers are generally used, as too much heat is given 
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out in mechanical absorbers, with loss of chlorine as chlorate. 
These gases might be diluted previotis to absorption with 
the necessary quantity of air. 

The yield of bleaching powder is ij times the weight of 
lime used, and the product is packed in hard-wood casks, 
or mild steel drums, with the lids not hermetically sealed. 
It must be stored in a cool dry place, as it is liable to decom- 
pose with evolution of oxygen — 

2CaOCl2=2CaCl2+02 

In hot cUmates it is therefore best replaced by liquid 
chlorine in steel cylinders. The more free lime is left, the 
better the powder keeps ; exposure to light is very deleterious. 

Besides being extensively used for bleaching fabrics, 
chloride of lime is used as a disinfectant, especially for 
sterilizing water for military purposes. Three parts excess 
available chlorine per million destroys all coliform organisms 
in a polluted water after half an hour's contact. 

Calcium kypochlorite, Ca(0Cl)2, is manufactured by 
the Griesheim Elektron Co., by passing chlorine into milk 
of lime and boiling down in vacuum. It is more stable 
than bleaching powder, gives a clear solution in water, and 
contains 80-90 per cent, available chlorine. 

Sodium hypochlorite, NaOCl, is prepared in solution 
(5 per cent, available CI) by precipitating bleaching powder 
with Na2C08 or Na2S04, or (in 10-15 per cent, available 
CX solution) by passing chlorine through soda solution. A 
dilute solution is prepared by electrolyzing brine in special 
cells at a low temperature (not above 20° C). These cells 
(Fig. 44), due to Kellner, are usually troughs with glass or 
porcelain partitions wound with platinum or iridium wire, 
which act as " bipolar " electrodes, i.e. alternate sides act 
as anodes and cathodes when the two outside electrodes 
are connected to the source of current. The brine is 
circulated through these cells from a trough underneath. 
About 8500 K.W.H. are required per ton available chlorine 
produced, and a 1-2 per cent, solution results, which is used 
in bleaching wood-pulp and cellulose, as a disinfectant, and 
B. 9 
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in modern laundry practice with the well-known rotting 
effect on fabrics. 

The concentration of hypochlorite reaches a limiting 
value, which is determined by a number of circumstances, 
such as the material of the anode, the current densities at 
the electrodes, the temperature, and the original concentra- 
tion of the brine. The hypochlorite is in fact also decomposed 
by the current, and the limiting concentration is reached 

when as much is decom- 
posed as is formed. The 
decomposition occurs in two 
ways : — 

(i) Reduction by hydro- 
gen liberated at 
the cathode — 

NaOCl +H2 =H20 4-NaCl 

(2) Production of chlor- 
ate from the hypo- 
chlorite ion dis- 
charged at the 
anode in prefer- 
ence to the chlor- 
ide ion — 

6C10'+3H20 = 

2CIO3' +4CI' +6H" -}-i IO2 

Both these effects are 
found to be minimized by 
increasing the current density, and the former is almost 
eliminated by adding a small quantity of potassium chro- 
mate to the electrolyte (Imhoff, 1898). The yield is also 
increased by keeping the solution neutral, concentrated, and 
cool. 

In the Haas and Oettel cell, the liquid is contained in 
a trough divided into compartments by partitions of carbon 
or other material, forming bipolar electrodes. The liquid 
enters each compartment below, and the gas evolved rises 
and carries the liquid with it out at the top through channels. 




Fig. 44. — Kellner Hypochlorite Cell 
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Efficient circtilation is thus produced without pumps. Cells 
of this type are now largely used. 

A mixture of NaOCl solution and boric acid is used as an 
antiseptic. Solid hypochlorite with 58 per cent, of water 
has been produced in crystals (Muspratt and Smith, 1898). 

The Chlorate Industry. — In the older chlorate process, 
begun at St. Helens in 1847, the first product is calcium 
chlorate, obtained by passing chlorine into hot milk of lime — 

6Ca(OH)2+6Cl2=5CaCl2+Ca{C103)2+6H20 

The first reaction, according to Lunge and Landolt 
(1885), is the formation of hypochlorite — 

(i) 2Ca(OH)2+2Cl2 =Ca(OCl)2+CaCl2+2H20 

This is subsequently decomposed into a mixture of 
chlorate and chloride — 

(ii) 3Ca(OCl)2=Ca(C103)2+2CaCl2 

The reaction probably occurs in two stages, with the 
intermediate formation of h3T)ochlorous acid. Hypochlorous 
acid can in fact be produced by blowing a current of air and 
chlorine through a solution of bleaching powder — 

(iia) Ca(OCl)2+2Cl2+2H20 =CaCl2+4HCIO 

(ii6) 2Ca(OCl)2+4HC10 =CaCl2+Ca(C103)2+2Cl2+2H20 

The chlorine acts as a carrier of oxygen. Heat alone 
without chlorine leads to much loss, as was noticed by Gay- 
Lussac in 1842, owing to the side reaction — 

Ca(OCl)2=CaCl2+02 
The milk of lime should have a specific gravity not above 
i6°-i7° Tw. ; it is contained in a cylindrical cast-iron vat 
(Fig. 45), 10 ft. in diameter and 5^ ft. high, with an agitating 
paddle and water-luted tubes. The manhole is also water- 
sealed. Several converters can be used, on the counter- 
current system. The liquid becomes warm, and froths at 
first when chlorine is passed through. The temperature is 
kept down to 6o°-70°. Later on the froth disappears, and 
the liqtiid becomes pink from the formation of permanganate 
if Weldon chlorine is used. The run is finished in from 24 
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hours to 3 days, and the end-point is determined when the 
evolution of chlorine from the liquid on adding HCl ceases. 
The liquid is run into settling tanks, and may be treated 
so as to produce either potassium or sodium chlorates. 
Formerly the potassium salt alone was made directly, and 
the sodium salt made from it. Sodium chlorate is much more 
soluble than the potassium salt, and a demand for it arose 
in connection with the manufacture of aniline black. Pechi- 
ney first showed how to prepare sodium chlorate directly 
from calcium chlorate solution. 

Potassium chlorate is prepared directly from the calcium 




Fig. 45. — Chlorate Vat. 



chlorate solution by adding a small excess of 95 per cent, 
potassium chloride, and boiling down in iron pans to 70° Tw. 
The liquid is filtered into coolers and left several days to 
crystallize. The impure mass of long acicular crystals is 
broken up and recrystallized, when pure KCIO3 separates 
in thin plates. Some chlorate is left in the mother-liquor 
with CaClg, but by cooling to —12°, only about 1-5 per cent. 
is lost. 

Sodium Chlorate. — In Pechiney's process, an " enriched 
liquor " is first prepared by concentrating ordinary liquor 
to sp. gr. 1-5 (hot), cooling to io°-i2° C, and separating the 
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crystalline hydrate of calcium chloride in a centrifuge. 
Excess of sodium sulphate is then added with continuous 
agitation until all the Ca is thrown down as sulphate, which 
under proper conditions is crystalline, and can be filtered 
off. On evaporation most of the sodium chloride separates 
and can be fished out ; on cooling the chlorate separates out 
almost pitre. The mother liquor is used for the preparation 
of potassium chlorate. 

Muspratt (1883) proposed to use magnesia instead of 
lime, when more chlorate is obtained, but unless the MgCl2 
can be utilized for making chlorine, or precipitated to recover 
the magnesia, the method is not so economical as the lime 
method, which is still largely used. 

Chlorates and perchlorates are now made on a large 
scale by electrolysis. Solutions of chlorides are electrolyzed 
at 45°-ioo°, when the liberated chlorine at once reacts with 
the alkali simultaneously produced, with the formation 
of chlorate. This process was begun in 1890 by Ball and 
Montlaur in Switzerland, and is also worked in other 
countries where water-power is cheap. Platinum-iridium 
anodes and cathodes are iised, placed very close together, 
and a current of 50-60 amps, per sq. dm. at 4'5-5 volts. 
The electrol3^e is a 25 per cent, solution of NaCl or 
KG, and the temperature is 80°. The cathode liquid 
is circulated round the anode, and combines with the 
chlorine. Imhoff (1899) found that the addition of small 
quantities of sodium or potassium chromates prevented 
the reduction of the oxy-salts by the nascent hydrogen at 
the cathode, and much improved the yield, which is 90 per 
cent, of theory. If the concentration does not fall below 
10 per cent, no perchlorate is formed. The Gibbs cell was 
introduced in 1892 by the National Electrolytic Co. at Niagara. 
The largest works is that of the Corbin Chlorate Co. at 
Cheddes, near Mont Blanc, where 7000-10,000 H.P. water- 
power is used. 

Perchlorates. — Perchlorates for detonators are pre- 
pared at Cheddes by electrolysis. The process is similar 
to that used for chlorates, but a lower current density is 
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used, and the electrolysis is more prolonged. The chloride 
is first converted into chlorate, and the further oxidation 
to chlorate is favoured by having the solution saturated, 
acid at the anode, using a low temperature and a current 
density of 8-12 amperes per sq. dm. Ozone is evolved. 
The electrolysis is continued until a 75 per cent, solution 
of NaClOs is produced. This is then crystallized out and the 
chlorate electrolyzed to perchlorate. The yield is 85 per cent. 

The reactions involved in the formation of perchlorates 
are as follows : — 

(i) Discharge of chlorate ions and their reaction with 
water — 

aClO's+HgO =HC104+HC102+0 

(2) Oxidation of the chlorous acid by the oxygen — 
HC102+0=HC103 

The HCIO3 then reacts again. 

The sodium perchlorate is converted into the potassium 
or ammonium salts by double decomposition with KCl or 
NH4CI. The dry salts are liable to detonate by friction. 

Perchloric acid may be produced from the ammonium 
salt by dissolving it in concentrated hydrochloric acid and 
running the solution into warm concentrated nitric acid. 
Nitrogen is evolved, and on evaporation an oily liquid, 
HCIO4.2H2O, is left. 

Liquid Chlorine. — I^iquid chlorine is produced for 
transport in steel cylinders holding about 60 kilograms, and 
is convenient for manufactures requiring only small amounts 
of chlorine or for special processes, such as the preparation 
of chloracetic acid for the synthesis of indigo. It is made 
by compressing pure dry electrol3d;ic chlorine into cylinders 
by special pumps, or by refrigeration. The Badische Co. 
prepared over a million kilos, in 1900 for indigo synthesis, 
and the liquid is also used at Stassfurt for the extraction of 
bromine. A new use for liquid chlorine was introduced by 
the Germans in the attack on Ypres in the spring of 1915, 
when waves of " poison gas " — doubtless the accumulated 
stocks of the aniline dye manufacturers — were released in 
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a vain attempt to break through the Allied line barring 
the road to the coast. In consequence, the manufacture of 
this product has now been successfully taken up in Allied 
countries. 
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Section VII.— NITRIC ACID. 

Nitre. — In India a considerable amount of potassium nitrate, 
KNO3, is produced by the slow oxidation of nitrogenous 
organic matter, in the presence of bases, by atmospheric 
oxygen. This action occurs in the presence of the so-called 
nitrifying bacteria, and on the site of old villages a total of 
as much as 15,000-20,000 tons of nitre are produced every 
year by lixiviation of the soil. This source is, therefore, by 
no means insignificant, and may become more prominent 
in the near future. The discoveries of accumulations of 
nitre in caves add to that produced from the soil in the 
manner indicated. The introduction of modern sanitation 
and sewage disposal, already begun in India, will tend to 
check the production of nitre, by preventing the accumula- 
tion of refuse nitrogenous matter on the soil, and this nitrogen 
will be lost in the form of sewage, as is the case in most 
civilized coimtries. Even in England during the shortage 
of saltpetre in the Civil Wars, nitre was procured by the 
lixiviation of the soil of graveyards. During the isolation 
of France after the Revolution, the supply of saltpetre 
required for gunpowder ran short, and Berthollet was 
commissioned to investigate the possible sources of the salt. 
He showed how to extract it from the soil, and saltpetre 
works were established in great nmnbers to furnish the 
large supplies needed for the prosecution of the war. But 
for the investigations of this celebrated chemist, the history 
of France would have been very different during that 
momentous period. In modern times, the blockade of 
Germany has imposed on the chemists of that country the 
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task of supplying the nitrates which are the staple diet of 
the god of war, and the problem has been solved in a manner 
which will be described later. 

The conditions favouring the production of nitrates in 
the soil are a plentiful supply of readily decomposable 
nitrogenous organic matter, a dry climate with little rain, 
the presence of a mild alkali, such as the carbonates of 
calcium, magnesium or potassium, or decomposing felspar 
(either naturally present in the soil, or added to the nitre 
beds), and a temperature of about 37° C. The nitrates 
obtained on lixiviation, after a sufficient and usually con- 
siderable length of time, are those of calcium, magnesium 
and potassium. Potassium carbonate in the form of wood- 
ashes is added to precipitate the calcium and magnesium 
salts, and the decanted liquid is boiled down in cauldrons 
till it crystallizes on cooling. It is then poured off from 
the sediment, and allowed to stand 24 hours for the nitre 
to crystallize. The crude saltpetre, containing about 80 
per cent. KNO3, is refined by treating with a quantity of 
boiling water insufficient for complete solution, adding a 
little glue to precipitate the colloidal impurities, and cooling 
rapidly, with stirring, in wooden vats. It is dried, sifted, 
and packed. Potassium nitrate required for the manu- 
facture of gunpowder is also largely made from the sodium 
nitrate of Chili, which is too deliquescent for use directly. 
Equivalent quantities of sodium nitrate and potassium 
chloride are dissolved in water, the potassium chloride 
being first dissolved to sp. gr. 1-2, and then the nitrate added 
to bring the specific gravity of the hot liquid to 1-5. The 
sodium chloride produced, being less soluble in hot water 
then the potassium nitrate, is deposited, and the clear 
liquid if allowed to cool deposits the nitre in crystals, which 
are washed with water and dried — 

NaNOj +KC1 =NaCl -fKNOs 

Potassium nitrate is the least soluble of the four salts at 
low temperatures. 

Another process consists in the interaction of barium 
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chloride and sodium nitrate, and the decomposition of the 
barium nitrate by potassium sulphate. 

Of much greater importance than potassium nitrate is 
the supply of sodium nitrate in the vast deposits of Chili. 
The zone of nitrates there appears to cover about 77,000 sq. 
miles, of which less than 3 per cent, is explored and pros- 
pected. In the surveyed area alone the supply is 240,300,000 
tons, and this, measured at pre-war production, is stated 
to be sufficient for 100 years, although estimates of this 
important figure vary considerably ; altogether a 300 years' 
supply is reasonably expected. 

The deposits occur in a distinct stratum of earth con- 
taining 25-50 per cent, of nitrate, called caliche, resting 
upon soft clay, and covered with a compact top layer 
known as the costra, containing less nitrate. In work- 
ing, the surface soil is removed, and holes are bored in 
the caliche through the costra. Charges of slow-burning 
blasting powder are inserted and tamped, and the caliche 
broken into bits by the explosion. The pieces are picked 
out by hand and transported to the lixiviation works, 
called the officina. Here the caliche is crushed and lixiviated 
with boiling water. The clarified solution is run off into 
wooden vats and allowed to crystallize, yielding 40 per cent, 
of crude nitrate, and 60 per cent, mother liquors, which 
are used for lixiviating fresh caliche. The crystals are 
washed with a small quantity of water, and dried in the sun. 
The crude salt as exported contains 95-96 per cent. NaNOs, 
and usually contains potassium nitrate, from traces up to 
8 per cent. About i lb. of fuel is required in this method 
for 6 lbs. nitrate, but by improved processes, up to 16-19 lbs. 
of nitrate should be obtained per i lb. fuel. The extraction 
is performed in tanks similar to the Shanks lixiviators 
(p. 73), and the loss reduced from 32 per cent, in the old 
method, down to about 5 per cent. By this method, poorer 
qualities of caliche, including costra (7-16 per cent, nitrate), 
are workable. 

The mother liquors are used to some extent for the 
extraction of iodine (p. 276) . Caliche also contains potassium 
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perchlorate, KCIO4, sometimes to the extent of 4 per cent., 
which, as it exerts a toxic effect on plants, is removed by 
allowing the crystallization to take place from the warm 
liquors, in which it is more soluble than sodium nitrate. 
The crop of crystals so obtained is practically free from 
perchlorate. On cooling, the two salts separate together, 
but when the product is treated with cold water the nitrate 
is dissolved ; practically all the perchlorate is left in a suffi- 
ciently pure state to be used, and was shipped to Europe 
until the modern electrolytic methods lowered the cost so 
far as to make it unprofitable to export the salt. In con- 
sequence since 1901, Chili nitre has usually come into the 
market containing up to 3 per cent, perchlorate. If in- 
tended for agricultural purposes the nitre should therefore 
be tested for this salt. 

The price of Chili nitre has risen about 50 per cent, 
during the war, but there is no doubt that the selling price 
could be very much reduced by competition if alternative 
sources, such as nitrates from the air, or from the oxidation 
of ammonia, are developed on a sufficiently large scale. 
It has been stated that the minimum cost price is only 
about one-third the average pre-war selling price, exclusive 
of duty. This is a fact which must be taken into con- 
sideration when the possibility of the economic production 
of nitric acid from the air or from ammonia is contemplated. 
By improved methods of production, financial combination, 
and the reduction or abolition of export duty, a rock-bottom 
selling price of £3 los. od. per ton in Chili is predicted as a 
possibility. 

The exports of nitre from Chili have been as follows : — 

Year. Export in tons. 

1830-34 16,780 

1865 491,100 

1875 334.000 

1885 512,600 

In 1904 the estimated cost of one ton Chili nitre at the 
works was £1 5s. 2d. to £3 15s. 3d. ; in 1905 the cost in sacks 



Year. 


Export in tons 


1890 


1,000,000 


1895 


1,267,000 


1905 


1,705,000 


I915 


2,090,000 
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delivered on board ship, including export duty, was estimated 
as £4 13s. 6d. to £5 17s. 6d. ; in 1908 it varied from £7 8s. od. 
to £8 IDS. 6d. The Nitre Syndicate in Chili was dissolved 
in 1909, and the price of nitre at I^iverpool fell from ;fii 4s. ^d. 
in 1907 to £8 7s. 2<i- ^ 1911. The extensive fluctuations 
of the price of Chili nitre, evident from these figiires, make 
it very difficult to form an idea what effect the competition 
of the newer sources of combined nitrogen wiU. have on the 
price of natural nitre in the future, before the impoverishment 
of the deposits gives a new aspect to the question. That 
the competition will become severer, owing to the lowering 
of the price of nitre, is tmdoubted, even if the low figure 
quoted above (on the authority of the Chilian Embassy in 
the United States) is not realized. Another complicating 
factor is the artificial regulation of the price of ammonia 
by that current for nitre, because ammonia is the most 
promising starting-point for the newer methods of producing 
nitric acid, and it will be necessary to examine closely 
what are the real costs of ammonia from the various sources, 
as contrasted with the artificial prices of the gas-works and 
recovery ammonia sold in competition with Chili nitre. 
A falling price of Chili nitre might conceivably be an advan- 
tage than otherwise to the ammonia oxidation process, 
because the price of ammonia would necessarily be reduced 
at the same time. There is reason to suppose that the 
average price of by-product ammonia is about five times 
the actual cost of production. 

Less important deposits of sodium nitrate have been 
discovered in Colorado, Salvador, Texas, Peru, Persia, the 
Sahara, Egypt, and Asia Minor. 

Chili nitre has two main uses — 

(i) As a fertilizer, about four-fifths being so utilized 
under normal circumstances ; 

(2) As a source of nitric acid, for the manufacture of 
explosives, aniline dyes, and allied products, which 
account for the remaining one-fifth. 

The so-called Nitrogen Problem arose out of two main 
factors — 
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(i) The former very large dependence of all civilized 
countries on the single source of supply of combined 
nitrogen in the Chilean nitrates ; 

(2) The future exhaustion of these deposits. 

Attention was called to this problem by Sir William 
Crookes in his Presidential Address to the British Associa- 
tion in 1898, which has been reprinted, with additions, in 
a book called " The Wheat Problem " (second edition, 
London, 1905). The same authority pointed out that, as 
nitrogen exists abundantly in the free state in atmospheric 
air, the nitrogen problem is therefore identical with the 
problem of the fixation of nitrogen. The nitrogen contained 
in the air above i sq. mile of the earth's surface amounts 
to 20,000,000 tons. In most countries, such as Germany, 
France, Norway, Switzerland, and Austria, extensive re- 
search has been made during the last ten or twenty years 
with the object of solving the vital problem of the utilization 
of atmospheric nitrogen — vital in the true sense, in that the 
very existence of mankind is determined ultimately by the 
food-supply, and this in turn on the supply of fertilizers 
for agriculture. In the case of Germany at least, this problem 
has been solved with such success that it has been possible 
for that country to carry on the most extensive war in history, 
consuming prodigious amounts of nitrates for the manu- 
facture of explosives, without the importation of a single 
pound of nitre from Chili. The situation of Great Britain 
and America is, on the contrary, extremely unsatis- 
factory, since both these countries, especially the former, 
are almost entirely dependent on the Chilian sources of 
supply. 

The position of England with regard to synthetic nitrates 
is all the more surprising when it is remembered that 
attention was first called to the nitrogen problem by Sir 
William Crookes, whose experiments made in 1892, together 
with those of I^ord Rayleigh in 1897, first indicated the 
possibility of the fixation of atmospheric nitrogen on a large 
scale. These experiments, in their turn, were based on 
the early work of Cavendish, who in 1781 observed the 
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formation of nitric acid when hydrogen was burned in air, 
and in 1785 produced oxides of nitrogen by passing a series 
of electric sparks through a confined volume of air. Davy, 
in 1800, also produced oxides of nitrogen by passing air 
over a platinum wire heated by the electric current. The 
experimental foundations of the new industry were thus 
laid in this country. 

In 1899 Macdougall and Howies, in Manchester, carried 
out the first technical experiments on the fixation of nitrogen 
by burning air in the electric arc, but the technical process 
was only realized by the work of the Norwegians, Birkeland 
and Eyde, in 1902, who laid the foundations of the present 
industry in Norway. 

Nitric Acid from Nitre. — The production of nitric 
acid from saltpetre was known at least as early as 1250, 
about which time the Spanish alchemist Raymond I/Ully 
described the distillation of nitre with clay, when weak 
nitric acid is formed — 

2KNO3 +Si02 +H2O ^KaSiOs +2HNO3 

The distillation of saltpetre with sulphtiric acid was 
carried out by Glauber (d. 1668), and nitric acid was also 
obtained by him on distilling alum and nitre — a process 
actually patented by Garroway in 1895. 

Nitric acid is usually prepared in the laboratory by 
distilling a mixture of potassium nitrate and concentrated 
sulphuric acid in a glass retort, and condensing the nitric 
acid vapour in a cooled receiver. This is a special case of 
the first general method for the preparation of acids (p. 65). 
The interaction of potassium or sodium nitrate with sul- 
phuric acid leads to the establishment of the state of equi- 
librium — 

KNOg+HaSOif^KHSOi+HNOa 

The product HNO3, being the more volatile of the two 
acids, may be removed by distillation ; the equilibrium is 
then disturbed, more nitric acid being produced, and ulti- 
mately practically the whole of the nitric acid is expelled. 
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If the distillation is carried on below 200" (nitric acid boils 
at 86°) the chief reaction is — 

KNOg +H2SO4 =KHS04 +HNO3 

or a similar reaction if sodium nitrate is used. 

If, however, excess of nitre is present, and the temperature 
is raised to about 250°, the acid salt, KHSO4 or NaHSO^, 
reacts further with the nitrate to form the neutral salt, 
and another molecule of nitric acid is obtained — 

KNO3 +KHSd4 =K2S04 +HNO3 

It is difficult, however, to push the decomposition so 
far in' a glass retort, because the latter is usually cracked, 
and some nitric acid also decomposes at the higher tempe- 
rature with production of red fumes of oxides of nitrogen — 

4HNO3 =4N02 +2H2O +O2 

This reaction occurs with increase of volume, and is 
therefore favoured by reducing the pressure. It is, in fact, 
observed that at the beginning of the distillation, when 
air is present in the retort and the partial pressure of the 
nitric acid vapour is low, copious red fumes of oxides of 
nitrogen are evolved, but as the distillation proceeds, and 
the air is expelled, the colour of the vapours becomes much 
paler, untU towards the end, when the temperature rises and 
red fumes again make their appearance. 

All these facts are of importance in the manufacture of 
nitric acid, because the ordinary retort process is simply 
the laboratory experiment translated into chemical engi- 
neering practice. Instead of glass retorts, iron stills holding 
up to one or two tons of nitre are used, and the acid vapours 
are condensed in a suitable cooling apparatus. 

According to the equations — 

NaNOg +H2SO4 =NaHS04 +HNO3 
NaNOa +NaHS04 =Na2S04 +HNO3 

we have by addition — 

2NaN03 +H2SO4 =Na2S04 H-2HN03 

The actual decomposition, however, almost certainly 
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proceeds in two stages as described, the acid sulphate being 
first formed and then reacting with a second molecule of 
the salt of the volatile acid, as in the preparation of hydro- 
chloric acid from salt and sulphuric acid (p. 61). 
The equation — 

2NaN03 +H2SO4 =Na2S04 +2HNO3 
170 98 142 126 

would give the proportions — 

100 parts Chili nitre (95 per cent. NaNOg) 

58 '8 parts sulphuric acid (93 per cent. H2SO4). 

In practice different proportions are used, because the 
preparation according to this equation would lead to decom- 
position of nitric acid with production of oxides of nitrogen 
which are difficult to condense and colour the acid yellow, 
and to the formation of a hard, difficultly-fusible residue 
of sodium sulphate which would have to be chipped out of 
the retort. To avoid decomposition of the nitric acid, 
and to produce the more readily fusible acid sulphate, 
NaHS04, known as sodium bisulphate, 

(i) Weaker sulphuric acid is used, viz. 63-67 per cent., 
sp. gr. 17-175, usually 172 ; 

(ii) An excess of sulphuric acid is used. 

It is usual to add at least 20-30 per cent, excess of acid, 
and more is often used, so that the residue approaches the 
composition of the acid sulphate, NaHS04. The following 
proportions have been stated : — 

(i) For cylinders : 305 nitre +240 sulphuric acid. 

(2) For pot-retorts : 

{a) 250 nitre +288 sulphuric acid (66° Be.) 
or 300 sulphuric acid (60° Be.). 
{b) 650 nitre (96 per cent.) -{-700 sulphuric acid 

(sp. gr. 1-84). 

The most recent practice in England appears to be to 
add a little more sulphuric acid than nitre by weight, viz. — 

ChiU nitre (95 per cent. NaNOa), i part 
Sulphuric acid (93 per cent. HgSO), i-o8 part 
B. - 10 
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for the charge. This produces, with a 98 per cent, efficiency 
of working, 0726 parts of 95 per cent, nitric acid. If weaker 
sulphuric acid is used (cf. (i) above), about 70 per cent, 
nitric acid is obtained, but there is less frothing in the 
distillation. 

In the older process the retorts were iron cylinders 
5 feet long by 2 feet diameter, set in pairs in brickwork 
over a fire so as to get the most uniform possible heating 
(Figs. 46 and 47). One end was fixed, and carried the 
delivery pipe, and the other was removable, for introducing 
the charge and running off the residue. In another type 
the ends of the retort were closed by Yorkshire flags cemented 
on with a mixture of iron filings, sulphur, and vinegar. 
These flags had holes fitted with plugs for charging, and 
the fused residue was run off by a pipe. The -upper part 
was sometimes lined with acid-resisting bricks, but the 
cast iron withstands the action of nitric acid vapour, and 
if the retort is heated so that no condensation can occur on 
the upper part, a lining is not necessary. Such retorts 
were made up to a capacity of 600 kilos of nitre ; they 
consumed 40 kilos of coal per 100 kilos of nitre, and 15-20 
hours were occupied in working through one charge. The 
new stills described below take up to 2 tons of nitre (2000 
kilos), require only 20 kilos of coal per 100 kilos of nitre, 
and work off the charge in about 15 hours. The older 
stills are, however, in use in some of the smaller works. 

Condensation of the nitric acid vapour was effected in 
the older apparatus by means of ten or more large stoneware 
Woulff's bottles, or large stoneware spiral tubes, or a com- 
bination of the two. A design of a two-still plant of the 
older type is shown in Fig. 47, and comprises both types of 
condensing apparatus. In some cases intermediate air- 
cooled glass tubes, 10-13 f^^t long, were placed between 
the stills and the condensing worms, the latter being im- 
mersed in cold water. These stoneware condensing worms 
have to be carefully made, to resist the acid and changes 
of temperature ; those made by the firm of Doulton, of 
lyambeth, have long possessed a good reputation. I,atterly 



NITRIC ACID 

J ■ 



147 




<(rro*Q 



'v* 



148 ALKALI INDUSTRY 

they have been replaced to some extent by silica spirals, 
3 inches in diameter and 30 feet long, which are less liable 
to crack. These cost about £30 each. 

Arrangements were sometimes made by means of three- 
way stoneware cocks to separate the distillates at different 
stages of the process, which vary somewhat in strength. 
The last portions of the distillate are weaker than the 
intermediate portion, probably on account of the re- 
action — 

aNaHSOi^NagSaOy+HjO 

occurring at higher temperatures, which also causes frothing. 
The first portions of distillate contain the water present 
in the nitre. 

The parts of the condensing apparatus may be luted 
with one of the following putties, which resist the action of 
nitric acid quite well : — 





II. 


I. 


China clay 


. . 20 


20 


Asbestos powder 


.. 40 


40 


I/inseed oil . . 


. . 21 


18 


Short-fibre asbestos 


.. 8 


8 


Tallow 


. . — 


2i 



The oxides of nitrogen in the exit gases are absorbed in 
a tower in which water circulates over hollow stoneware 
balls or rings. An older type of condensing tower is the 
Rohrmann tower, in which the gases enter at the bottom, 
together with sufficient air and steam to produce dilute 
nitric acid, which is condensed on inverted perforated 
stoneware jars standing on perforated shelves in the tower. 
The reaction is then — 

4N02+02+2H20=4HN03 

Working as described, with sulphuric acid of density 
172, one obtains a nitric acid of sp. gr. i-38-i-4i. To 
obtain a stronger acid, sp. gr. i-5-i-52, sulphuric acid of 
sp. gr. 1-85 must be used, but then frothing is liable to 
occur, when sulphuric acid and salts are carried over, and 
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also oxides of nitrogen produced which colour the nitric 
acid yellow. This yellow colour came to be regarded as 
an indication of the strength of the nitric acid, since it 
usually appears in the preparation of the strongest acid, 
and an acid containing dissolved oxides of nitrogen is specially 
prepared, under the name of " Fuming Nitric Acid," by 
distilling a mixture of 100 parts of Chili nitre, 100 parts 
of sulphuric acid of sp. gr. 1-85, and 3-5 parts of starch. 
The starch reduces a portion of the nitric acid to oxides 
of nitrogen, N2O3 and N2O4, which dissolve in the concen- 
trated nitric acid to form a yellow solution, which has strong 
oxidizing properties — the lower oxides of nitrogen acting 
catalytically in many reactions with nitric acid, such as the 
dissolving of metals. If this yellow liquid is diluted with 
water it turns green, and if a large amount of oxides of 
nirogen is present, even blue, owing to the formation of 
nitrous anhydride, N2O3, which has a deep blue 
colour — 

N2O4 -I-H2O =HN03 +HNO2 
2HN02=N203+H20 

For many purposes, however, as in dyeing, the acid 
must be free from lower oxides of nitrogen, This acid is 
made by warming the yellow acid to 6o°-8o° and blowing 
a current of dry air through it, when the oxides of nitrogen 
are carried off. Hirsch (1888) allowed the acid to trickle 
continuously down a spiral tube, up which warm air was 
passed. Another, less satisfactory, method of separating 
oxides of nitrogen is to add to the yellow acid a little 
lead peroxide, Pb02, when the oxides of nitrogen are 
converted into lead nitrate, which as it is insoluble in 
strong nitric acid separates along with the excess of lead 
peroxide — 

Pb02+N204=Pb(N03)2 

The insolubility of lead nitrate in strong nitric acid 
allows that acid to be passed through lead pipes ; if 
water is admitted, however, the metal is violently 
attacked. 
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The following grades of nitric acid are made and 
sold : — 

Degree Percentage 
Trade name. Sp. gr. Twaddel. HNOj. 

Single aqua-fortis . . i"420 84 70 

Double aqua-fortis i"5oo 100 94-1 

Monohydrate . . 1*520 104 loo-o 

Other impurities present in the commercial acid besides 
oxides of nitrogen are sulphuric acid and sodium sulphate, 
carried over mechanically as spray from the retort, chlorine 
from chlorides present in the nitre, iodine from iodates, 
and occasionally perchloric acid from perchlorates often 
found in ChUi nitre. The sulphuric acid is chiefly confined 
to the acid collecting in the first receiver, whilst chlorine 
collects further on in the series, usually in the third receiver, 
owing to the formation and decomposition of the nitrosyl 
chloride produced — 

3HCI +HNO3 =N0C1 +CI2 +2H2O 
NOCl +H2O =HN02 +HC1 

3HNO2 =HN03 +2NO +H2O 
2NO+Cl2=2NOCl 

The perchloric acid comes over at the end of the dis- 
tillation, as the stable hydrate, HCIO4.2H2O, has a boiling- 
point of 200°. 

Modern Nitric Acid Plants. — The improvements 
introduced in the manufacture of nitric acid from nitre have 
been in the following directions : — 

(i) Improved design and increased capacity of the 
retorts (up to 2 tons of nitre). 

(2) Condensers of increased efficiency. 

(3) Working under reduced pressure. 

(4) Improved methods of condensing the oxides of 

nitrogen in the exit-gases, or the reduction in the 

amount of these oxides produced. 
With a modern plant the cost of production of strong 
nitric acid amounts to about ;^i8 per ton, with Chili nitre at 
£8 per ton (cf. p. 159). 
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The retort or still (Fig. 48) consists of a large pot made 
of cast iron, or one of the acid-resisting alloys mentioned 
on p. 32 ; it is cast in two or three pieces which are clamped 
together with asbestos packing and built up in a brickwork 
furnace so as to allow of very uniform heating. At the top 
of the retort is a manhole for introducing the charge, and 
an exit pipe for the vapours 
of nitric acid, which is 
usually made of stoneware, 
acid-resisting metal, or 
silica. In this exit pipe is a 
" lantern," i.e. a stoneware 
box with glass windows, or 
else a short length of glass 
pipe, for the purpose of 
observation. As already 
mentioned, the retort takes 
up to 2 tons of nitre per 
charge, requires 20 kilos of 
coal per 100 kilos nitre, and 
works off the charge in 15 
hours. In the latest Valen- 
tiner plants it is claimed that 5 hours are sufficient. Gas 
firing is also used. The proportions of nitre and sulphuric 
acid are the following, allowing a 30-per-cent. acidity in the 
nitre-cake : — 

Nitre (95 per cent. NaNOs) . . i ton 
Sulphuric acid (93 per cent. H2SO4) 108 tons 
or Sulphuric acid (80 per cent. H2SO4) 125 tons. 

The nitre should be dried by gentle heating before use. 

The weaker sulphuric acid produces a weaker nitric 
acid but causes less frothing. With acid not stronger than 
80 per cent. H2SO4 there is very little frothing. Less 
sulphuric acid may be used, but then the residual nitre- 
cake is less fusible, and more difficult to remove, and the 
life of the retort is correspondingly reduced. 

At the bottom of the retort is a run-off pipe fitted with 
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■Modern Nitric Acid Retort. 
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a plug, from which the still fluid residue of acid sodium sul- 
phate is run off after the distillation into an iron pan to form 
on cooling a solid sheet of nitre-cake, which is broken up 
with a hammer. 

Processes for continuous working, by feeding in nitre 
and sulphuric acid, and removing the nitre-cake continu- 
ously, have also been patented, but are very little used in 
this country. Arrangements for heating the retorts by 
means of an oil-bath have also been described. 

According to the arrangement used for condensing the 
vapours of nitric acid, there are several patented nitric 
acid plants, of which the following are the best known : — 

(i) The Guttmann System. 

(2) The Hart System. 

(3) The Valentiner System. 

Guttmann 's Nitric Acid Plant. — In this system the 
vapours from the retort are mixed with sufficient air before 
condensation to oxidize the lower oxides of nitrogen to 
nitric acid in the presence of water. In view of the fact 
that nitric acid vapour tends to decompose with formation 
of oxides of nitrogen when the pressure is reduced, say by 
admixture with an indifferent gas, the wisdom of Guttmann's 
mode of procedure is not altogether clear on theoretical 
grounds, and the same may be said of the process of 
Valentiner, in which a reduced pressure is produced through- 
out the apparatus by means of a pump. Both processes 
are said to give excellent results in practice, but this may 
be partly due to the care which is taken to recover the oxides 
of nitrogen, which are certainly produced in both processes. 

In Guttmann's system the vapours from the retort are 
mixed with air either by admitting air, preheated by passing 
through a tube in the furnace flue, into the delivery pipe 
from the retort through a narrower tube inserted into the 
outlet pipe, or in another arrangement by sucking air into 
an enlargement connected with this outlet pipe, or through 
perforations in the socket-pipe connecting the outlet with 
the condensing arrangement. The first arrangement is 
more under control, as the second and third depend on the 
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suction produced by the nitric acid vapour for tlie admission 
of air. 

The condensing arrangement (Fig. 49) consists of a 
preliminary receiver C to collect spray from the retort, 
and the battery D of six vertical stoneware pipes with 
bends above and a connecting pipe below in which the 
condensed liquid acid collects, and from which it runs off 
into the stoneware receiver E. These pipes, except the first, 
are immersed in a tank of water. The exit pipes from 




Fig. 49. — Guttmann's Nitric Acid Apparatus. 

A, retort ; B, air tube ; C, spray catcher ; D, condenser ; E, collection 
bottle ; F, absorption tower. 

the receiver and the condenser are joined, and lead the 
gases containing oxides of nitrogen to the absorption tower, 
or set of towers, F. These are made of acid-resisting stone- 
ware pipes, 36 in. diameter, in 3-ft. sections, to a height 
of about 12 ft., and are packed inside with hollow perforated 
stoneware balls, down which water trickles. The acid 
collecting at the bottom of the tower is lifted back to the 
top, and so circulates until it reaches a strength of about 
60 per cent. HNO3, when no further absorption occturs. 
This acid may be put back into the still with a new charge. 
The reactions in the absorption towers depend on the 
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temperature, and take place somewhat slowly, because 
sufficient time must be allowed for the oxidation of nitric 
oxide, NO, to nitrogen dioxide, NO2, this being a somewhat 
slow reaction with dilute gases. With 10 per cent, by 
volume of nitric oxide in air a time of contact in the towels 
of two and a half minutes should be allowed ; with 20 per 
cent, gas, such as is usually met with in retort plants, one 
minute is sufficient. 

Below 50° C. the reactions in the tower are — 

(i) 2NO2 +13^20 =HN03+HN02 (rapid) 

(2) 3HN02=HN03+2NO+H20 (slow) 
(2a) HN02+N02=HN03+NO (rapid) 

(3) 2NO+02=2N02 (slow) 

Above 50° practically no nitrous acid is produced, and 
the reactions are — 

(i) 3N02+H20=2HN03+NO (rapid) 
(2) 2NO+02=2N02 (slow) 

The maximum strength of acid which can be produced 
by the absorption of oxides of nitrogen in water in towers 
is about 68 per cent. HNO3 ; the absorption becomes slow 
at about 55 per cent, strength, and the usual strength 
obtained is 60 per cent. 

The tower packing should occupy as little space as 
possible (about 10-20 per cent, of the tower space). Per- 
forated hollow stoneware balls (Guttmann balls), or stone- 
ware rings 4 in. diameter and 4 in. high, piled up in tiers 
so as to break up free channels (Raschig rings), are suitable ; 
dense packing such as flints or granite blocks is quite un- 
suitable, as it takes up too much space and reduces the time 
of contact of the gases in the tower which is required for 
the oxidation of the NO. Coke, slates, and brickwork 
packing are worse than useless for nitric acid, as they rapidly 
disintegrate and choke up the towers. 

The loss in an efficient Guttmann plant should be less 
than I per cent. ; 2 per cent, is easily attained, but 5 to 7 
per cent, of the total acid is in the form of weak acid in 
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the tower, which is recovered as strong acid in the next 
distillation. One ton of nitre can be worked through in 
10 hours in each still, and the discharging and recharging 
of the retort take 2 hours. A plant of four stills costs ;£i45o, 
with buildings and erection ; it produces 9820 lbs. of 96-5 
per cent, acid in 24 hoturs, requiring the labour of four 
men, and consuming 15 cwt. of coal. 

Hart's Nitric Acid Plant. — In Hart's system the 
condensation is effected- in horizontal glass tubes 2 metres 




Fig. 50. — Hart's Condenser for Nitric Acid. 

A, cooling tubes ; B, C, upright stoneware tubes ; D, delivery pipe from 
retort ; E, receiver. 

long and 4*5 cm. diameter, connected with two wider vertical 
stoneware pipes, to one of which the delivery pipe from the 
retort is joined (Fig. 50). The pipes are cemented with a 
mixture of asbestos powder and water-glass. Cotton 
" sponge-cloths " are hung over the glass tubes and cold 
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water dropped on them from above. The acid runs out 
at the bottom to a receiver. The cost of a plant of the 
same capacity as the Guttmann described above is £1200, 
the costs for labour and fuel being about the same. The 
Hart condensing plant has given very satisfactory results, 
and is in addition cheap and easily repaired. 

Silica Condensers. — In modern plants the stoneware 
cooling worms are often replaced by coUs of " Vitreosil," 
or semi-fused silica, 3 in. diameter and 30 ft. long, and 
complete condensing plants of silica in the form of S-pipes 
with flanges and sockets like stoneware pipes, are now on 
the market. These are set horizontally, luted with asbestos 
and water-glass, and are very good, although leaks at the 
connections are liable to develop. The vapours may pass 
in the same direction as the liquid acid, or in the opposite 
direction, when the system is called a " reflux " condensing ■ 
system. 

Uebel's Process. — In this process (Brit. Pat. 19881 of 
1913) the whole of the sulphuric acid is put into the still, 
but only part of the nitre, and the distillation carried out 
at 140°, when the whole of the nitric acid is expelled in a 
very concentrated form (Phase I). The rest of the nitre 
is then introduced gradually, and the temperature raised 
to i6o"-i70°, when concentrated acid also comes off (Phase 
II). The receiver is then changed, and the temperature 
raised to 250°, when a weaker acid distills off. The ad- 
vantages claimed for this process are the production of 
a very concentrated acid, the absence of crust-formation 
in the retorts, the absence of frothing, and an even dis- 
tillation. 

Production of Nitric Acid under Reduced Pressure : 
the Valentiner Process. — A new method of producing 
nitric acid from nitre was introduced by Valentiner in 1891, 
in which the process was carried out under reduced pressure. 
The still holds i ton of nitre, and is connected with a con- 
densing apparatus, at the end of which is a vacuum pump 
with a i2-in. cylinder, having a i6-in. stroke, and working 
with 60 revolutions per minute. The nitric acid distils 
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off at a temperature of about 100° under the reduced pres- 
sure of about 25 in. of mercury, and there is claimed to be 
less decomposition into oxides of nitrogen than in distillation 
under atmospheric pressure. 

The vapour from the still A (Figs. 51 and 52) is passed 
through a preliminary cooler B, half filled with pumice to 
stop spray, and then to one or two silica or stoneware 
spirals C, coimected in series or parallel and immersed in 
cold water. The concentrated acid (96 per cent.), which 
forms 80 per cent, of the distillate, is collected in the receiver 
a, and the weaker acid is collected in the receiver b by 
means of a three-way stopcock. After these receivers is 
a reflux condensing coil D, in which acid is condensed and 
runs into a receiver c. From this coil the vapour passes 
to a number of stoneware Woulff's bottles, E. The first 
half of these are empty and half filled with water alternately, 
and the second haU are empty and half filled with milk of 
lime, alternately. These serve the pvupose of the towers 
in the Guttmann plant, but are less efficient, so that in the 
newer tj^es of Valentiner plant the bottles are replaced 
by towers, F. Finally the exit gases, freed from oxides 
of nitrogen by the milk of lime, are sucked off to the vacuum 
pump G, which draws in some caustic soda solution at each 
stroke to minimize corrosion. 

The advantages of the Valentiner system are the shorter 
time needed for working the charge, the low fuel con- 
sumption, absence of leakage to the outside, and the high 
concentration of acid produced. Its disadvantages are its 
high capital cost, danger of frothing, and the liability of 
the pump to corrosion. The danger of frothing is reduced 
by the improvement of Valentiner and Schwarz (Germ. Pat. 
144,633 of 1902), in which 95 per cent, sulphuric acid is 
added a little at a time, and the vapour of nitric acid washed 
with concentrated sulphuric acid. 

The first part of the distillation is carried out at 80° ; 
the second part (when NagSO^ begins to be formed) at 
I20°-I30°, tmder 650 mm. pressure, instead of 165" as in 
the ordinary processes. At the end, the pump is stopped 
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and the temperature raised to 175° to melt the nitre 
cake. 

Patents for the automatic charging and discharging 
of the retorts have apparently not proved successful in 
practice, as nearly all plants still work on the discontinuous 
system. 

In Raschig's process the vacuum is maintained by long 
balancing columns (cf. Fig. i), the distillation being carried 
out at 170°. The materials are supphed and the residues 
removed by long vertical pipes to give the requisite 
head. 

Nitric acid over 90 per cent, strength may be stored in 
iron tanks lined with chemical lead ; weaker acids should 
be stored in stoneware jars or glass carboys. 

The Cost of Nitric Acid by the Retort Process. — 
The capital cost of a Guttmann plant for the production 
of 9820 lbs. 96-5 per cent, acid per 24 hours, inclusive of 
buildings and erection, but exclusive of any royalties, is 
^^1450. It requires four men and 15 cwt. coal per 24 hours 
(see p. 1^5). 

Production of acid per year (8750 hours) =1600 tons 
.•. capital cost of plant per ton 96-5 per cent, acid 

per annum =;fo"907 
.•. capital cost of plant per ton 100 per cent. HNO3 

as 96-5 per cent, acid per annum =£0-940 

According to the data on p. 145, the charge in the retort 
is — 

I ton Chili nitre {95 per cent. NaNOa) 

I -08 tons sulphuric acid (93 per cent. H2SO4) 

which, with an efficiency of 98 per cent., produces 0726 ton 
nitric acid (95 per cent. HNO3), or 0-690 ton HNO3 (100 
per cent.) in the form of 95 per cent. acid. 

The material for i ton HNO3 in the form of 95 per cent, 
acid will therefore be — 

i-r0-690=i"45 tons Chili nitre (95 per cent.) 
1-08^0-690=1-55 tons sulphuric acid (93 per cent.) 
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The fuel per ton HNOo (96-5 per cent.) is ^^^^^^° 

^ 3 Vy J F / g820X20 

=:0-i7i ton 

or per ton HNO3 (100 per cent.) as 96-5 per cent, acid 

100 X0-I7I 

= ^ ^=0-177 ton 

96-5 ^' 

The cost of fuel at ys. 6d. per ton is therefore ;^o-o67 per 
ton HNO3. The cost of sulphuric acid (93 per cent.) may be 
taken as £3 per ton ; that of nitre is very variable (cf . p. 
140), but will be taken as £8 per ton. 

The production cost of i ton HNO3 as 95 per cent, acid 
is thus — 



1-45 tons Chili nitre at £8 per ton 
1-55 tons sulphuric acid at £3 per ton 
0'i77 tons coal at ys. 6d. per ton 
Wages four men at 5s. a shift 
Amortization on £0-94 at 10 per cent. 
General expenses, stores, etc. 



£ 
II -600 
4-650 
0-067 
0-228 
0-094 
1-500 



Total £18-140 
Cost per lb. HNO3 as 95 per cent. acid=i-943rf. 

The corresponding costs -with Chili nitre at other prices 
can readily be found ; thus with nitre at £5 and £10 per ton, 
respectively, the costs of production of the nitric acid 
will be £13-8 and £21-04 per ton, respectively. 

From these figures, however, must be deducted the 
value of the nitre-cake remaining in the retorts after the 
distillation. This can be used for various purposes, which 
are described in the next section, and has therefore a com- 
mercial value. It is usually applied in the works to the 
preparation of salt-cake (Na2S04) to replace a certain amount 
of sulphuric acid. 

Utilization of Nitre Cake. — Although the nitre cake, 
or acid sodium sulphate, NaHSO^, obtained as a by-product 
in the manufacture of nitric acid by the retort process has 
long been utilized in the works by adding it to the charge 
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in the salt-cake fmnace in place of part of the sulphuric 
acid, the present shortage of sulphuric acid has led to several 
new uses being found for nitre-cake. This is especially 
necessary, as in modern practice a much larger amount of 
" free acid " (as NaHS04) is present in the cake than was 
formerly the case. 

In 1915 an enquiry was instituted by the Society of 
Chemical Industry, which resulted in a number of sugges- 
tions for the utilization of nitre-cake (J.S.C.I., 35, 857, 
1916 ; Chem. Trade Journ., 1916, 28, 109, 393). Nitre- 
cake may be used in many cases as a substitute for sul- 
phuric acid : — 

(i) In the salt-cake process, in which a mixture of salt 

and nitre-cake is roasted, with production of 

salt-cake and hydrochloric acid — 

NaCl +NaHS04 =Na2S04 -f HCl 

(2) In the preparation of superphosphate. 

{3) In the extraction of copper from p3rrites cinder. 

(4) In the extraction of zinc by roasting blende with 

nitre-cake, also for roasting copper and nickel ores, 
together with common salt. 

(5) In the preparation of sodium alum. 

(6) Roasting with felspar or clay, with production of 

alum, or potassium sulphate. 

(7) In opening up tungsten ores by fusion. 

(8) For converting sodium chromate into sodium di- 

chromate, and sodium manganate into sodium 
permanganate. 

(9) For absorbing ammonia in the production of sul- 

phate, 10 per cent, of the acid may be replaced by 
nitre-cake, the product containing 23-24 per cent. 
NH3 {Gas Journ., 1916, p. 74). It may also be 
used for the production of ammonium sulphate 
by heating with leather clippings, and to prevent 
the escape of ammonia from manure heaps. 

(10) In the preparation of Epsom salts from magnesite. 

(11) In the preparation of " permanent white," BaS04. 

B. II 
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(12) In decomposittg lime soaps of fatty acids, or soap- 

suds. 

(13) In decomposing the sodium sulphite residues from 

phenol manufacture, with production of SO2. 
Special uses are — 

(14) In textile industries for extracting grease from 

wool, etc., by means of a hot aqueous solution of 
nitre-cake. 

(15) In sizing paper, where 20 per cent, of the aluminium 

sulphate may be replaced by nitre-cake. 

(16) In making and glazing slag bricks. 

It has been proposed to recover sulphuric acid from 
nitre-cake as follows : — 

(17) Roasting with iron scales (Fe304). 

(18) Fusing with sand or molten slag, when sodium silicate 

is produced, and SO2 liberated. 
{19) Blowing steam and air into the fused nitre-cake. 
(20) Neutralizing the free acid with soda, or by roasting 
with salt, then reducing by fusion with carbon, 
when sodium sulphide, Na2S, is formed. This may 
be decomposed by CO2, with formation of H2S, 
and the latter converted into sulphur by the 
Claus process. The Na2S could also be roasted 
• with limestone, as in the black-ash process, and 
the sulphur recovered from the alkali waste in 
the usual way. Sodium carbonate is produced in 
both cases. 
Modern Processes for the Manufacture of Nitric 
Acid. — ^The nitrogen problem will receive a complete 
solution when nitrates, or ammonia, can be prepared 
economically and on a sufficiently large scale from atmo- 
spheric air. A partial solution of the problem is the con- 
version of ammonia, which is obtained in fairly large quan- 
tities as a by-product in the manufacture of coal-gas and 
of coke, into nitric acid by oxidation. Both the complete 
and partial solutions of the nitrogen problem have gone a 
fair way to completion, as far as a knowledge of the methods 
goes, during the last ten years. The following summary 
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shows the main lines in which technical application of the 
results of chemical research has been made : — 

(i) The direct combination of oxygen and nitrogen in 
atmospheric air at high temperatures in the electric arc, 
followed by oxidation of the nitric oxide, NO, so produced 
to nitric acid — the Arc Process. 

(2) The absorption of atmospheric nitrogen by calcium 
carbide or aluminium carbide, with production of calcium 
cyanamide, CaCN2, or aluminium nitride, AIN, from which 
ammonia is obtained by treatment with water, and this 
ammonia is then oxidized to nitric acid — ^the Cyanamide 
and Serpek Processes. 

(3) The combination of atmospheric nitrogen with 
hydrogen to produce ammonia, followed by the oxidation 
of the ammonia — ^the Haber Process. 

(4) The oxidation of by-product ammonia to nitric acid. 
The first process will be considered in this section, and 

the remaining processes, in so far as they concern the Alkali 
Industry, in the following sections. 

The Arc Process. — A detailed description of the arc 
process does not properly belong to this volume, but a few 
remarks on the main outlines of the method must be made 
in order that the other processes may be properly understood. 

The production of nitric acid by the action of electrical 
discharges in air in the presence of water or alkalies, which 
was discovered by Cavendish in 1785, is a process which is 
executed in nature on a vast scale. By the action of 
electrical discharges in the atmosphere, no less than 250,000 
tons of nitric acid are washed down to the soil by rain in 
a period of 24 hours. If only one per cent, of this nitric 
acid could be collected, the nitrogen problem would be 
disposed of for many generations. This, however, is im- 
possible, and attempts have therefore been made to repro- 
duce the natural conditions by submitting air to electrical 
discharges in such a manner that the products of the action 
can be collected. Since it has been shown that the main 
action of the electrical discharge, if not the sole action, is 
produced by the high temperature, it is evident that the most 
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efficient form of discharge is the arc, in which the highest 
temperatures are produced in the smallest possible space. 
The chemical reactions involved are the following : — 
(i) The synthesis of nitric oxide in the arc at high tempe- 
ratures — 

Ng+Og^aNO 

(2) The secondary oxidation of the nitric oxide when 

the gases from the arc cool down to 600°, this 
reaction only reaching completion at about 130°, 
and even then proceeding somewhat slowly, 
especially in the dilute gases obtained from the arc 
furnace — 

2NO +02^2N02^204 

(3) The interaction of the nitrogen dioxide with water 
to produce ultimately nitric acid — 

2NO2 +H2O =HN03 +HNO2 
3HN02$HN03 +2NO +H2O 
The equilibrium yields of nitric oxide from air at various 
temperatures in the arc are as follows : — 



Temperature (absolute). 


Per cent. Nitiogen. 


Per cent. Oxygen. 


Per cent. Nitric 
Oxide. 


1811 


78-92 


20-72 


0'37 


1877 


78-89 


20-69 


0-42 


2033 


78-78 


20-58 


0-64 


2195 


78-61 


20-42 


0-97 


2580 


78-08 


19-88 


2-05 


2675 


77-98 


19-78 


2-23 


3200 . . 


76-6 


18-4 


50 



The percentage of nitric oxide in the gas from the arc 
furnace does not, in the best working, exceed about 2 per cent, 
by volume, although the equilibrium percentage at 3000" is 
already 5, and the temperature of the arc is higher than this. 
The lower yield is explained in two ways. In the first 
place, only a fraction of the air passing through the furnace 
actually passes through the arc and attains the high tempe- 
rature ; and secondly, some of the nitric oxide produced, 
which is an endothermic compound, and consequently less 
stable at lower temperatures, breaks up again on leaving 
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the arc. The yield obtainable for a given expenditure of 
energy in the arc will therefore depend on the extent to 
which decomposition of nitric oxide produced at the arc 
temperature can be prevented by rapid cooling, for below 
a certain temperature the rate of decomposition of nitric 
oxide is exceedingly small, although the compound is still 
unstable. The additional air no doubt serves very materially 
in promoting this cooling. The experiments of Jellinek 
have shown that the rate of decomposition of nitric oxide 
becomes so slow at temperatures below 1200° C. as to be 
negligible in practice. 

In Table I the times for the attainment of half the 
equilibrium concentrations of NO in air at various tempera- 
tures are given. In Table II the times for dissociation 
of pure NO to the extent of one-half are stated. It will 
be seen that above 2300° C. the rate of combination is prac- 
tically instantaneous ; it is 10,000,000 times quicker at 
3000° than at 1900°. The rate of decomposition is seen to 
be slow below 1200°, 



Tempera turn 
Centigrade, 

727 
1227 
1427 
1627 
1827 
2027 
2227 
2627 



Temperature 
Centigrade. 

627 

827 
1027 
1227 
1427 
1627 
1827 
2027 



Table I. 

Time required to produce half the equilibrium 
concentration of NO in air at atmospheric 
pressure. 

81 years. 
30 hours. 

1 hour. 

2 minutes. 
5 seconds. 
0-2 second, 
o'oi second. 
0*00003 second. 

Table II. 

Time for half decomposition of pure NO into 
oxygen and nitrogen at atmospheric pressure. 

123 hours. 
10 hours. 
44 minutes. 

3 minutes. 
15 seconds. 

I second. 

0-07 second. 

o'oos second. 



The aim of the inventor has therefore been to produce 
as high a temperature (at least 3000°) in the arc as possible. 
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and to cool the products of reaction with all possible speed 
below 1200". Various types of furnace have been devised ; 
the following are in actual operation. 

(i) The Birkeland and Eyde Furnace, patented in 1902, 
and extensively used in Norway. The air is blown or 
sucked through a circular flat arc flame, produced by de- 
flecting the arcs struck across water-cooled electrodes, by 
means of a powerful electromagnet. Each furnace of the 
modern type utilizes 3000 kw. The temperature of the arc 
is about 3500° C, and the gases escape at about 1000" 
from the furnace, containing 1-25 to 1-5 per cent. NO by 
volume. About 2'i cu. metres of air are passed through the 
furnace per K.W.H. applied at the arc, and 90 per cent, 
of the heat generated in the arc appears in the escaping 
gases, and is used to raise steam, perform evaporation, 
etc. About 70-6 grams of nitric acid, HNO3, are produced 
by the expenditure of i K.W.H. 

After cooling somewhat, the gases are passed through 
Babcock-WUlcox tubular boilers, where steam is raised, and 
the temperature of the gases reduced to 250°. If the whole 
of the steam raised were converted into electrical energy 
in turbo-generators, with a 20-per-cent. efiiciency of heat 
conversion, 13 per cent, of the energy supplied to the arc 
could be recovered. The gases now pass through aluminium 
pipes to reduce the temperature to about 50°, when they 
enter a large tower of iron plates lined with acid-resisting 
material, where oxidation occurs — 

2NO+02=2N02 

This reaction, as akeady mentioned, requires time ; 
in air containing 2 per cent, of NO by volume, 50 per cent, 
is oxidized to NO2 in 12 seconds, 90 per cent, only in about 
2 minutes. 

The gases are now driven by powerful aluminium fans 
to the decagonal absorption towers, built of Norwegian 
granite slabs, each 10 in. thick, clamped together by iron 
bands, with asbestos and water-glass joints, into towers 
65-80 ft. high and 20 ft. diameter. These towers are 
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filled with broken quartz, and have the usual lifts for circu- 
lating water . Three such towers are connected by aluminium 
pipes to form the absorption system, and the acid produced 
by absorption is circtilated until it reaches a concentration 
of 30 per cent., the weaker acid from the second and third 
towers being passed on gradually to the first tower, from 
which the stronger acid is withdrawn. Only about 80-85 
per cent, of the oxides of nitrogen are recovered as nitric 
acid in these towers ; the very attenuated gases from the 
third tower are passed through a wooden or sheet-iron 
tower down which falls a spray of sodium carbonate solution, 
a further 15 per cent, of oxides of nitrogen being recovered 
in the form of sodium nitrite, NaN02, of which 5000 tons 
per annum are used in Germany for the manufacture of 
dyes. The remaining 2 per cent, of oxides are emitted as 
wiaste. 

The rapid growth of the industry in Norway, where 
almost unique opportunities for utilizing water-power 
presented themselves, is shown by the following table, 
giving the expenditure of power in the years since the first 
experiments were made : — 



Year. 


Horse-power expended. 


1902 


3 


1903 


150 


1904 


1,000 


1905 


2,500 


1907 


40,000 


191I 


55,000 


I916 


350,000 



(2) The Schonherr Furnace, introduced by the Badische 
firm into Norway in 1905, employs a steady, noiseless 
arc, about 23 ft. long, burning in a vertical tube. Air 
circulates round this in a helical spiral, and after passing 
through the arc is cooled by striking against the top of the 
water-cooled iron outer jacket. From 1-9 to 2-1 cu. metres of 
air are passed through per K.W.H., and the gases contain 
from i"5 to 175 per cent, by volume of NO. The yield 
of HNO3 per K.W.H. at the switchboard has been variously 
stated; it probably amounts to about 75 grams. The 
further treatment of the oxides of nitrogen is the same as 
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in the Birkeland and Eyde process. At Rjukan, in Norway, 
Schonherr furnaces taking looo H.P. are used as well as the 
Birkeland-Eyde furnaces. 

(3) The Pauling Furnace, experiments with which began 
in 1906, and led to the erection of a works at Innsbruck in 
1909, has horn-shaped electrodes, the arc being blown from 
the narrow space between the electrodes at the bottom 
where it is struck, to the diverging upper ends by means of 
a blast of air. About i-6 (in the newer types probably 2) 
cu. metres of air are passed through per K.W.H. ; the issuing 
gases contain about i"5 per cent. NO by volume, and thus 
the yield of HNO3 per K.W.H. at the switchboard is 75 grams. 
The Pauling works at Innsbruck uses 15,000 H.P., those 
in Italy and France 10,000 and 15,000 H.P. respectively. 

It is stated that Germany has laid down plant during 
the war for the production of 10,000 tons HNO3 per annum 

by arc processes ^probably the Schonherr process. 

The possibility of introducing the arc process into this 
country, where water-power is very limited, has also been 
discussed. It is suggested that electrical power from large 
generating stations run on the most economical lines with 
a high load-factor, i.e. the bulk of the energy being continu- 
ously used, or else applied to the arc process during off-peak 
periods (see below), say during the night, when other con- 
sumers are taking little or no power, might be sufficiently 
cheap to make the arc process a success. It may be ob- 
served that the cheapest pre-war electrical power, generated 
by steam or gas, cost about 0'2^d. per unit, which is much too 
expensive for the arc process. Cheaper power from pro- 
ducer-gas plants might solve the problem, but it is evident 
that no ordinary power generation on the old lines can hope 
to succeed. 

According to lyandis, the price of electrical energy in 
America is very nearly the same whether it is derived from 
water power or steam, but this price evidently bears no 
relation to the true cost of production. 

Statistics of the turbo-generator plant (18,500 K.W.) at 
Worcester, Mass., give 277 lbs. bituminous coal per K.W.H. 
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The cost per K.W.H. for labour is 0-056^. and of fuel at 
17s. yd. per ton is o-zS^d., making the total cost of pro- 
duction 0'22id. The costs of labour and fuel are high com- 
pared with British practice, and if the labour cost is reduced 
25 per cent., and the cost of fuel put at los. per ton, the cost 
per K.W.H. with this plant would be oigzd., which is 
appreciably less than the figure of o'Z^d. quoted above, 
(i ton average coal is equivalent to 0-0925 K.W. year.) 

According to Bakeland, power from coal at 5s. i^d. per 
ton would work out cheaper than from water-power, and 
this price was quite possible in England at the pit-head. 

The following table gives the estimated costs of electrical 
power from various sources, on a pre-war basis ; it enables 
many interesting calculations to be made, as will be seen later. 



Table of Costs of Electric Power from Various Sources. 



Description of Sources of 
Electric Power. 


Price per 
H.P. vear 

in shillings. 


Price per 

K.W. year 

(-.-3S9 H.P. 

year) in 

shillings. 


Price per K.W.H. 


in pence. 


I. Odda, Norway; 16,800 








K.W., water power 


8-05-8-25 


10-94-1 1'2I 


001498-0-01542 


2. Svaelgfos, Norway; 








40,000 H.P., water 








power 


8-25 


II-2I 


001542 


3. Saulte Ste. Marie, U.S.A., 








water power . . 


1026 


13-93 


001913 


30. Saulte Ste. Marie, price to 








consumers 


40-075 


54-5 


0-0748 


4. Notodden, Norway, 








40,000 H.P., water 








power from Svaelgfos 


13-281 


18-07 


0-0248 


5. Rossi Works, I^gnano, 








nr. Milan, 10,000 H.P., 








water power . . 


I5'27 


20-078 


002755 


6. La Roche de Rame, nr. 








Brian9on, 25,000 H.P., 








water power . . 


i3'37 


l8-2 


0-025 


7. Chedde, Savoy, water 








power . . 


18-33 


24-90 


0-03418 


8. Swedish water power. 








various . . 


I3-0-49-3 


17-70-67-0 


0-0245-0-092 


9. Cameron rapids, Ontario, 








water power . . 


30-362 


41-25 


0-0566 


lo. Piano d'Orte, Italy, water 








power . . 


29-4 


40-0 


0-0549 


n. Turin Power Co., Italy, 








water power . . 


40-0 


54-36 


0-0745 
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Description of Sources of 


Price per 
H.P. year 


Price per 

K.W. year 

(=1-359 H.P. 

year) in 

shillings. 


Price per K.W.H. 


Electric Power. 


(8750 hrs.) 
in shillings. 


in pence. 


12. Niagara, water power 








(price to large con- 








sumers) 


49-32-83-0 


67'IO-II27 


0-0921-0-155 


12a. Niagara, Ontario Power 








Co 


40-125 


54-6 


0-0749 


126. Niagara, delivered at 








Toronto 


50'387 


68-5 


00940 


13. American water power. 








various 


26'i5-76'8 


35-6-104-5 


0-0489-0-1433 


1 4 . Northern California Power 








Co., water power 


50' 1 96 


68-2 


0-0935 


15. Power Co., Rome, water 








power 


6o-o 


8l-6 


0-II2 


16. Hora-Hora Rapids, N.Z., 








water power . . 


6o'o 


8l-6 


0-II2 


1 7. Montreal, water power, to 








consumers 


60125 


817 


0-II2 


18. Hull, Ottawa, water power. 








to consumers . . 


6274 


85-3 


0-117 


19. North Wales Elect. Power 








& Tract. Co., Llyn Lly- 








daw Falls, Snowdon, 








6000 K.W 


470-803 


638-1093 


0-875-1-5 


20. Blast furnace gas, with 






1 


95 per cent, load factor. 








England (see note) . . 


34-25-41 -83 


467-56-8 


o-o642-o-078o 


2oa. Blast furnace gas. 








America, 130 B.T.U. 








gas, with largest type 








engines . . 


94-30 


128-3 


0-176 


21. Producer gas, from coal 








(see note), England . . 


41-75-63-58 


56-7-86-5 


0-0778-0-II87 


2 1 a. Producer gas, from coal. 








America, 600 K.W. units 


202 


275 


0-378 


22. Producer gas, from peat. 








Portadown, Ireland 








(cost of gas alone) 


33-5 


45-5 


0-0625 


22a. Producer gas from peat. 








cost of power . . 


45-6 


62-0 


0-085 


23. Oil engines, America, 160 








K.W. units . . 


242-5 


330 


0-453 


24. From steam or gas power. 








England (average pre- 








war for large plants) .. 


133-8 


182-0 


0-25 


24 a. From steam power, Eng- 








land (see note) 


98-6-145-5 


134-198-3 


0-184-0-272 


246. Average steam engine, 








England 


255-0 


346-5 


0-475 


24c. Estimated cost at Pitts- 








burg, U.S.A., steam 








power, 25,000 K.W., 








coal at 5s. 3d. per ton 








(see note) 


76'o-lo7'o 


9I-I-I45-8 


0-125-0-20 
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Description of Sources of 
Electric Power. 


Price pel 
H.P. year 
(87J0lir5.) 
in shillings. 


Price per 

K.W. year 

(-1-359 H.P. 

year) m 

shillings. 


Price per K.W.H. 
in pence. 


25. Louisenthal Power Sta- 








tion, 3 steam - turbo 








generators, 3000 K.W. 








each 


183-80 


260-5 


°'357 


258. Louisenthal Power, esti- 








mated cost, if situated 








at coal-mine . . 


127-50 


173-5 


0238 


26. Newcastle-on-Tyne Elec- 








tric Power Supply Co., 








50,000 K.W. steam- 








turbo generators 


401-5-803-0 


456-5-1093 


o'75-i'5 


26a. Newcastle-on-Tyne Elec- 








tric Power Supply Co., 








cost of production 


300 


408 


0-56-1 05 


27. Lancashire Electric Power 








Co., Radclifie, steam 








8000 K.W 


284-0-327-0 


386-0-4450 


0-53-0-61 


28. S. Wales Electric Power 








Distribution Co., 7520 








K.W 


225-284 


3o6'3-386o 


0-35-0-53 



Notes on the Table. — In connection with this table, 
the following considerations may be noted. In the first 
place, the cost of power from any source is governed by two 
main factors, the capital costs, including interest, amortiza- 
tion, ground-rent, etc., and the works costs, including the 
cost of fuel, labour, repairs, etc. These two items vary 
considerably with the type of power used, the locality, the 
size of the plant, and the cost of labour. Very often the 
works cost is low whilst the capital cost is high, as with 
water power ; in other cases the reverse is more nearly 
true, as with steam power, when the works cost is high. 
In some water power centres, as at Notodden, the works 
cost is so low that it hardly amounts to the interest on a 
steam power plant. Another consideration is the load-factor, 
i.e. the ratio of the average power consumption to the 
maximum consumption. In the case of ordinary power 
companies supplying power for lighting or traction the 
load-factor is usually less than 50 per cent., whereas in the 
case of continuous electrical processes, such as the arc 
process or electrolysis, the load factor may reach 95 per cent. 
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The higher the load-factor the more economical is the power, 
and it has been proposed to utilize power from ordinary- 
generating stations during the periods when ordinary 
supply, e.g. for lighting or traction or works closed down 
during the night, is practically non-existent — ^the so-called 
" Off-peak " periods. 

The price of water power, it will be observed, varies 
very much, from about 8s. per H.P. year at Odda to 6os.- 
83s. per H.P. year at Niagara. In the latter case it approaches 
the cost of steam power. The high figures, however, repre- 
sent the prices charged to the consumers, and no informa- 
tion is given as to the actual cost of the power. There is 
no doubt that large profits are made, and in the case of 
Niagara, at any rate, the cost of the power is firobably very 
much less than the price charged. It is often stated that 
England must compare unfavourably in this respect, since 
water power can never become highly developed, but this 
is a mistake, because the abundant supply of good coal, 
and the nearness of the industrial centres, place this country 
in a very favourable position. There is no doubt that with 
centralized power generation on a large scale, with full 
utilization of all sources of fuel besides the highest grade coal, 
and recovery of the by-products when possible, power could 
be obtained in England at a cheaper rate than elsewhere, 
with the exception of the water power of Norway and the 
Alps, where the conditions are unique. 

Table, No. 20. — Cost per H.P. year from large power 
station using blast-furnace gas in England (Thwaite, Journ. 
Iron and Steel Inst., 1907, p. 190) is 50"i96 shillings plus cost 
of gas. A blast-furnace making 400 tons pig-iron per 24 
hours develops sufficient gas for 10,000 H.P. in addition to 
the gas required for heating the blast and running the blowing 
engine. 

Table, No. 21. — Costs of production of electric power 
with producer gas from coal, with recovery of by-products 
(J. J. Robinson, Mech. Eng., 3rd April, 1908) per H.P. 
year. 
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Coal per ton. 

6i. 7s. 6d. 8s. 

;£2-o87S £2-422 ^2754 

;£2'30 ;£2-634 ;^2-996 

;£2-5I3 ;£2-846 ;f3I79 



Life of plant assumed. 

20 years. 
15 years. 
10 years. 



These figures appear too low. 

Table, No. 24a. — Costs of production of electric power 
per K.W. from steam (R. S. Hutton, Engineering, 7th Decem- 
ber, 1906). 

Capital Charges. 



10 per cent, depreciation on ;^I5 per K.W. 
5 per cent, interest on ;£i5 per K.W. 

Works Costs per K.W. 



0'042rf. 
0-021(2. 



Locality. 


Coal per 
ton. 


Coal. 


Wages. 


Water, oil, 
stores. 


Repairs. 


Total. 


Newcastle 

Sheffield 

Linwood 


5S. 6d. 
5s. 8d. 
8s. od. 


o-oySd. 
o'096(i. 
0'i48rf. 


0'022<f. 

o-oy2d. 

O-022d. 


0'004d. 
o'oo3d. 
o-oi3<i. 


0'oi6(i, 
o-038(i. 

0'022li. 


0'120i. 

o'209(i. 
o-205d. 



Table, No. 24c. — Costs per K.W.H. of electric power 
from steam, estimated by Sykes {Tr. Amer. Electrochem. Soc, 
27, 409, 191 5) for 25,000 K.W. station at Pittsburg with 
5000-6000 K.W. generators; works costs only. Coal at 
5s. ^d. per ton. 

80 per cent, load-factor . . . . 0-125^. 
60 per cent, load-factor . . . . o-isod. 

40 per cent, load-factor . . . . 0'20orf. 

These figures show the influence of the load-factor on the 
price of the power, already referred to. With a capital 
charge of 0-063^. per K.W., as given by Hutton (see above), 
the total cost would be o-i88<f.-o-263<^. per K.W.H., which 
is of the order of the figure 0'25d. quoted under No. 24 in 
the table. It may be remarked that fuel and labour costs 
are usually higher in American than in British practice, 
the former for the reason that the coal has usually to be 
transported considerable distances from the pits to the 
works. 
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The Haiisser Process. — The fact that oxides of 
nitrogen are produced by the explosion of a mixture of 
hydrogen and atmospheric air enriched with oxygen was 
known to Cavendish, but was investigated by Bunsen, and 
is described in his book on gas analysis. The following table 
is calculated from his results : — 



Volume of detonating gas, 
2H2+O2,, per 100 C.C. of air. 


Residual air c.c, 
after absorption 
of oxides of N. 


Per cent. NO pro- 
duced in the 
explosion. 


Calculated tem- 
perature of 
explosion. 


64-31 c.c 

7876 c.c 

97-84 c.c 

226-04 c.c 


gg-go c.c. 
g9-43 c.c. 
96-92 c.c. 
88-56 c.c. 


0-07 
0-38 
2-05 
763 


2200 C. 
2500 C. 
2700 C. 
3200 C. 



Quite recently the production of oxides of nitrogen by 
the high temperatures generated in the explosion of com- 
bustible gases in presence of air has been proposed as a 
technical method for the preparation of nitric acid. 

The heats of combustion of a molecular weight in grams 
of the various combustible gases and vapours which might 
be used for this purpose, all the products remaining in the 
gaseous state, are given below in kilogram-calories. They 
give the relative numbers for equal volumes (22-4 litres) of 
the substances. 



Substance. 


Formula. 


Molecular weight. 


Heat of com- 
bustion. 


Hydrogen 


Hj 


2 


58 


Carbon monoxide 


CO 


28 


68 


Methane 


CH4 


16 


194 


Ethane 


CjH. 


30 


345 


Ethylene 


CsH, 


28 


316 


Acetylene 


C,H, 


26 


301 


Benzene 


• C.H, 


78 


750 



It will be seen that the hydrocarbons, such as occur in 
illuminating gas, evolve much more heat for equal volumes 
than hydrogen or carbon monoxide, which are the chief 
constituents of producer-gas and blue water-gas. 
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Haiisser, in his attempt to apply this observation to the 
production of nitric acid, introduces a mixture of air, with 
or without the addition of oxygen, under pressure into an 
explosion vessel. The mixture is exploded by a spark, and 
some nitric oxide is produced at the high temperature. 
Immediately after the explosion the hot gases escape 
through an exhaust valve, and the resulting cooling prevents 
the dissociation of the NO produced, which is then con- 
verted in the usual way into NO2, and finally nitric acid. 
In short, the process consists in working a gas engine in such 
a way as to produce a maximum percentage of NO in the 
exhaust gases. About 5*56 grams of nitrogen are fixed per 
K.W.H., which is considerably less than the 3deld in the arc 
process, although it is said that the yield has been improved, 
and in any case the plant is much cheaper than the arc 
furnace arrangement. 

In the later developments of the process, which is still in 
the experimental stages, the mixture of gas and air, say a 
mixture of 14*5 per cent, by volimie of coal gas with air 
enriched with oxygen, is compressed into a steel bomb, the 
air being first preheated. The inlet valves are then closed 
and the mixture fired by a spark. Immediately after the 
explosion the gases are let out through a release valve, 
passing through a cooling coil and a shock-absorber to the 
absorption towers. Scavenging air is then admitted to 
sweep out the residual gas, the exhaust valve is closed, and 
the cycle recommences. With gas of a calorific value of 
4300 Cal. per cu. metre the exhaust gas contains 07 per cent, 
by volume of NO. By means of the following improve- 
ments it is stated that this yield may be raised to over 
5 per cent, of NO : — 

(i) Higher compression. 

(2) Preheating the air. 

(3) Improved -cooling of the exhaust gases. 

(4) Good scavenging of the explosion chamber. 

(5) Emrichment of the air with oxygen. 

For a plant producing 3500 tons of 94 per cent, nitric 
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acid per 350 working days of 24 hours, the cost per ton of 
acid is estimated to be £11 13s. od. ; with English coke-oven 
gas, allowing the original claim of 5-56 grams nitrogen fixed 
per K.W.H. equivalent calorific value of the gas, it can be 
shown from the data in the table of costs that this figure 
would be raised to £15 ; if the new claims as to the yield were 
substantiated, the cost would be about £12 los. od. 

It may be at once stated, however, that the concentra- 
tion of over 5 per cent, of NO claimed by Haiisser for his 
improved process, and in the other processes to be described 
immediately, corresponds with an equilibrium temperature 
of about 3000° C. It is known with some certainty that the 
explosion temperature for acetylene and oxygen, which is 
the hottest known, does not amount to more than 3500- 
4000° C, and in the case of ordinary illuminating gas the 
temperature probably does not exceed 2000°. The following 
figures are given by Fery for the temperatures in the flame 
of a Bunsen burner : — 

Full draught. Half draught. Luminous. 

1871° C. 1812° C. 1710° c. 

With benzene vapour a temperature of 2000° C. is ap- 
proached. Even if such high temperatures, nearly 3000°, 
were reached, a glance at Jellinek's figures for the rate of 
dissociation, of NO (p. 165) shows that very little of the 
extra yield could escape decomposition when the gases from 
the explosion bomb cool down, at the speed with which this 
could be effected. The alleged high yields are more probably 
to be sought in the faulty analytical methods used. 

Bender, in applying the combustion method, proposes 
to bturn fuel with air under a pressure of 4 atm. in a gas 
producer, the upper part of which is lined with a porous 
material which soaks up water. By the cooling produced 
by a water spray, and evaporation from the porous material, 
the I per cent, of NO produced is prevented from under- 
going decomposition. The method sounds impracticable. 
He also proposes to burn methane in air enriched with 
oxygen, and the same method has been patented by Herman, 
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who also suggests surface combustion on a zirconia mass. 
The gases are stated to contain 3 to 4 per cent, of NO by 
volume (which is probably incorrect, as will be shown below) , 
and I kilo, of nitric acid is produced by the combustion of 
2"5 cu. metres of methane. This works out at 105 grams 
nitrogen fixed per K.W.H., which is very high. But if we 
assume that only sufficient air is added to bring about perfect 
combustion of the methane according to the equation — 

CH4+202=C02+2H20 

we find that i volume of methane requires 10 volumes of 
air, and the gases after combustion and cooling occupy 
9 volumes. For the combustion of 2"5 cu. metres of methane 
there would be required 25,000 litres of air, and the gas after 
combustion and cooling would occupy a total volume of 
22,500 litres. The volume of NO corresponding to the 
stated yield of i kg. HNO3 per 25 cu. metres methane is 
208 litres, and the volume percentage of NO is, therefore, 
only 1-2 (as in the original Haiisser claims), and not 3-4, 
as stated. Herman's claims are therefore self-contradictory. 
Experiments on the production of oxides of nitrogen in 
flames or gaseous explosions have been made by Haber and 
his students. In the explosion of a compressed mixture of 
hydrogen with equal volumes of oxygen and nitrogen, 
3 molecules of nitric acid can be produced with every 100 
molecules of water, i.e. 0"2i gram of nitrogen is fixed per 
I gram hydrogen burnt. By burning carbon monoxide in 
pre-heated air compressed to 8-9 atm., 3-4 molecules of 
NO are produced for every 100 molecules of CO burnt. 
With a mixture of equal volumes of nitrogen and oxygen 
instead of air, the yield is doubled. The production of 
oxides of nitrogen and nitric acid by the combustion of carbon 
monoxide in compressed air forms the basis of a patent of 
the Badische Co. 

In connection with the high yields of oxides of nitrogen 

alleged to be formed in combustion and explosion reactions, 

it may be observed that, although most of the percentages 

claimed by inventors are doubtless imaginary, yet there is 

B. 12 
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some evidence that even in the arc a yield in excess of the 
so-called equilibrium yield, as determined by Nernst and 
Jellinek, is sometimes obtained. Investigations of Haber 
and his students, in which the arc was produced at low 
pressure (lOO mm.) in silica tubes cooled externally by 
water, showed that concentrations of over lo per cent, of 
NO could be produced, although the temperature could not 
have exceeded the melting-point of iridium, viz. 2300° C, 
at which the " equilibrium " concentration of NO should only 
be about 2 per cent. The yield with the " chilled arcs " 
amounted to 57 grams HNO3 per K.W.H. with a concentra- 
tion of 3-5 per cent. NO ; more recently 80 and 90 grams 
have been fovmd. Some recent experiments by Island 
in which the gases expand adiabatically immediately 
after passing through the arc, and are thus very rapidly 
cooled, give yields of this order. Haber considers that 
the action of the arc is not purely thermal, but that 
an "electrical equilibrium" is also set up, owing to the 
kinetic energy of the electrons being imparted to the mole- 
cules by collisions. A more plausible explanation would 
appear to be that the so-called " equilibrium " values of 
Nernst and Jellinek were only apparent, on account of 
decomposition of the NO during cooling in their experi- 
ments. The higher values have all been foimd when special 
precautions to produce rapid cooling were taken. 

At the same time it was known that oxidation of nitrogen 
to N2O5 occurs when air is exposed to the silent electric 
discharge (Warburg). Simultaneously the production of 
ozone is noticed, and it is possible that this is the active 
agent in bringing about the oxidation. 

Ehrlich and Russ. (Brit. Pat. 10992 of 1912 ; Wiener 
Monatshefte, 1915, p. 317), by the silent discharge in closed 
vessels, obtained the following results : — 

Gas used. Per cent. NO in product. 

Air I vol. O2+4 vols. N2 . . . . 4-1 
I vol. O2+1 vol. N2 . . . ._ 13-2 
3 vols. O2+1 vol. Ng . . . . 18 
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The velocity of formation of NO is practically the same 
with the different mixtures, but the rate of formation of 
ozone increases with the percentage of oxygen in the mixture. 
The NO is oxidised by ozone to N2O6, which in turn begins 
to break up when all the ozone is used up. (Cf. H. Spiel, 
" Ueber die Bilding von Stickoxyden bei der stillen elek- 
trichen Entladung," I^eipzig, 1911.) Other theories attribute 
the oxidation to the formation of " active nitrogen," which 
combines with the oxygen, but the experimental results 
of Strutt seem to disprove these. 
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Section VIII.— AMMONIA AND AMMONIUM 

SALTS 

Sources of Ammonia. — The chief sources of ammonia at 
present utilized are the following : — 

(i) By-product ammonia, obtained by the destructive 
distillation, either without admission of air (gas-making, 
coke ovens, etc.) or with limited amounts of air and steam 
(producer- gas making), of nitrogenous organic matter such 
as coal, peat, bones, etc. 

(2) Cyanamide ammonia, obtained by the action of 
steam or superheated water on calcium cyanamide, CaCN2, 
which is formed when nitrogen is passed over heated calcium 
carbide — 

CaC2+N2=CaCN2-fC 
CaCNa +3H2O =CaC03 -I-2NH3 

(3) Ammonia from nitrides, such as aluminium nitride, 
AIN, which is treated with steam to produce ammonia in 
the Serpek process. 

(4) Synthetic ammonia, obtained by the direct combina- 
tion of nitrogen and hydrogen in the Haber process. 

The first source is the one which has been longest in 
use, and until recently it was the only source of the ammonia 
of commerce. The name " ammonia " is said to have 
originated in the method of preparing sal-ammoniac by the 
distillation of camels' dtmg in the vicinity of the temple of 
Jupiter Ammon in the Libyan Desert, about the fotuth 
century B.C., although this has been discredited by recent 
research. The old name for ammonium carbonate — " spirit 
of hartshorn" — has a similar origin, the substance being 
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obtained by the destructive distillation of hoins, bones, 
etc. 

By-product Ammonia.— The most important sources 
of by-product ammonia are the following : — 

(i) From vinasse by the Vincent process (see p. 278). 

(2) By the destructive distillation of bones in the manufacture 
of animal charcoal. 

The washed and dried bones are broken up, the grease is 
extracted by carbon disulphide, or a chlorinated hydro- 
carbon solvent such as pentachlorethane, or perchlorethylene, 
and the solid residue is distilled in iron or clay retorts. 
The gases are cooled and scrubbed with water, the gas 
passing on being burnt under the retorts. The condensed 
liquor separates into two layers — 

(i) An oil, called Dippel's oil, amounting to about 17-2 
per cent, of the weight of the bones, which has a very 
offensive odotur and is used to some extent in Germany for 
denaturing alcohol ; 

(ii) Ammoniacal liquor, which is worked up as described 
under gas-liquor, with the production of 6-7 per cent, of 
ammonium sulphate, on the weight of the bones. 

Horn, leather-clippings, wool, hair, and similar nitro- 
genous organic refuse may be treated in the same way as 
bones, or worked up for cyanides. Donath has proposed 
to heat such materials with the sulphuric acid residues from 
petroleum refining, as in the Kjeldahl reaction, with pro- 
duction of ammonium sulphate. 

(iii) By the destructive distillation of coal, peat, shale, 
and similar fuels containing nitrogen, in the preparation 
of coke and gas. 

Average coal contains about i per cent, of nitrogen, 
a portion of which is recovered in the form of ammoniacal 
liquor when the coal is distilled in the manufacture of 
illuminating gas or of coke. The average yield in the form 
of ammonium sulphate, in which form it is usually ex- 
pressed, is 20-25 lbs. per ton of coal in both gas works and 
coke ovens ; this represents less than 20 per cent, of the 
nitrogen in the coal recovered as ammonium salts. Up to 
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20 per cent, of the total nitrogen may be regarded as the 
maximum recovery in dry distillation, the rest of the nitrogen 
either escaping as elementary nitrogen or, in larger part, re- 
maining behind in the coke. 

The distribution of the nitrogen in coal among the pro- 
ducts of dry distillation, in percentages of the total nitrogen 
is shown below : — 





Gas works. 


Coke ovens 


Nitrogen in coke 


583 


43-31 


in tar 


39 


298 


„ as ammonia . . 


171 


15-16 


as cyanides . . 


I "2 


143 


,, as free Nj in gas 


19-5 


37'i2 



The world's annual production of coal is about 
1,000,000,000 tons, and the production of coke is about 
100,000,000 tons, of which until recently only a small 
fraction was produced with recovery of ammonia. The 
loss of combined nitrogen in coal, expressed as ammonitmi 
sulphate, is therefore about 40,000,000 tons per annum, 
which is about 40 times the annual production of this salt. 
The use of recovery processes for the manufacture of coke 
was at first confined to the German practice, since there was 
a belief current among British manufacturers that coke 
produced in recovery ovens was unsuitable for smelting 
plrocesses. After thirty years' success on the Continent, the 
suitability of coke from recovery ovens gradually dawned 
upon British users, with the result that rapid strides have 
been made of late years in the erection and working of 
recovery coke ovens. Of the 20,000,000 tons of coal annually 
coked in Great Britaiji, no less than 16,000,000 tons are now 
treated in recovery ovens. 



Percentage of Coke Ovens working with Recovery of 
By-products. 





1900. 


1910. 


I916. 


Great Britain 
Germany . . 
America 


10 

30 

5 


18 
82 
17 . 


80 



i84 



ALKALI INDUSTRY 



The production of ammonium sulphate, in tons, from 
by-product sources has been as follows : — 



1908. 



1909. 



X910. 



1913- 



1916. 



Great Britain 

Germany 

America 

France 

Total 



321,500 

313,000 

40,000 

52,000 

852,000 



348,500 

340,000 

90,000 

53.000 

978,000 



369,000 

375,000 

116,000 

56,000 

1,111,000 



432,000 

550,oco 

177,000 

75,000 



421,000 



1,000,000 



Of this ammonium sulphate, about 90 per cent, is utilized 
directly as a fertilizer for agricultural purposes, and the 
extension of agricultural practice contemplated in Great 
Britain will call for increasing production of the salt, although 
land which has been long under grass wih doubtless, when 
opened up, require ammonia fertilizers to a less extent than 
land which has been long under cultivation. 

The separate sources of supply of by-product ammonium 
sulphate in Great Britain in 1914 were as follows : — 



Coke ovens . . 
Gas works 
Shale distillation 
Blast furnaces 
Other sources 



176,000 tons 

173,000 tons 

58,000 tons 

16,000 tons 

8,000 tons 



Total 421,000 tons 



The dry distillation of coal with the production of coal 
gas in gas works, or of coke in ovens, cannot be described 
here, but a short account of the main types of coke ovens 
used is necessary in order to make clear the differences in 
procedure in working non-recovery and recovery ovens. 

(i) The Beehive Oven is the primitive t3^e and consists 
merely of a covered-in mound of brickwork, to which air 
is admitted and part of the fuel in the oven is burnt to pro- 
duce the heat necessary to carbonize the rest. Attempts 
to work such ovens with recovery have been made, but 
without success, since the tar obtained from beehive ovens, 
in which air is admitted, is quite different from the tar 
produced from coal in gas making. 
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(2) The Coppie Oven (1872) works on the recovery 
system. Each unit consists of a 30-ft. long narrow closed 
chamber with thin (2J-3 in.) walls externally heated with 
gas. Coal is pushed in, and coke out, by means of rams. 
The gases and vapours are led o£E from the centre by a main 
and scrubbed. The scrubbed gases mix with air and heat the 
coking chambers from outside by passing through vertical 
flues between them. These ovens did not give a satis- 
factory metallurgical coke, and were subsequently modified. 
There are two main modifications — / 

(i) The Otto-Hoffmann Oven (1881), which uses Siemens' 
regenerative principle with a modified Coppee oven. 

(ii) The Otto-Hilgenstock Oven combines preheating of 
the air with a low pressure of the gases, which are burnt 
below the oven in large Bunsen burners. In a modern 
oven 7J tons of coal are coked in 36 hours, with an average 
yield of 72-2 per cent, of coke. The cost per unit, complete 
with recovery plant, is about £300. 

(3) The Carves Oven (1862) was much improved by Simon, 
of Manchester, and the Simon-Carves type, with recuperators, 
was introduced in 1883. This oven is heated by horizontal 
flues between the ovens. A modification largely used in 
Belgium, France, and America is the Semet-Solvay oven. 
The Hussner oven is a modification used in Germany. The 
coke yield in British practice with Simon-Carves ovens 
is — 

Durham coal . . ■ • 77 per cent. 

Accrington coal . . . . 69 per cent. 
Staffordshire coal . . . . 52 per cent. 

The yield of ammonia is I-0-I-25 per cent., expressed as 
sulphate on the weight of the coal, with North country 
cod, and 2 per cent, with Staffordshire coal. In German 
practice the corresponding figures are 65-75 per cent, and 
O'924-i'i per cent. Another modification of this oven is 
the Koppers oven, and the following particulars relate to 
a small English coke-oven set of the Koppers type 
(1908) :- 
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Number of ovens : 40. 

Output : 1963 tons wet, or 1850 tons dry, coal coked 

per week. 
Cost of plant, including coal crushing and benzol plants : 

£53,000. 
Gas per ton of coal : 11,700 cu. ft. of 560 B.T.U. debenzo- 

lized to 2| gallons crude benzol per ton. 
Surplus gas : 50 per cent, of gas made, i.e. 1,638,000 cu. ft. 

per day maximum. » 
Ammonia yield : 34-5 lbs. sulphate per ton dry coal 

(30 per cent, recovery) . 
The following particulars relate to beehive and Semet- 
Solvay ovens in use at Syracuse, N.Y. (1895) : — 

Number of ovens 

Average time of coking 

Coke produced in 24 hours . . 

Tar produced in 24 hours 

Ammonium sulphate per 24 hours 

Yield of coke per cent. ' . . 

Yield of tar per cent. 

Yield of (NHi)2S0i per cent. 

Cost per oven 

Life of oven . . 

Cost of oven per ton coke 

Value of products per ton coal 

The conditions leading to the formation of ammonia 
in the manufacture of illuminating gas by the distillation 
of coal have been summarized as follows by Simmersbach : — 

(i) The formation of ammonia occurs chiefly at a tempe- 
rature when the caking of the coal has been completed. 

(2) The formation of ammonia has its maximum at 
different temperatures for different coals. 

(3) This maximum temperature varies with the nature 
of the nitrogen compounds in the coal, and is between 
8oo°-900° C. 

(4) Decomposition of ammonia in a concentrated gaseous 
state begins appreciably at 750° and is about complete at 
800°. But in the destructive distillation of coal, the am- 
monia comes off in a dilute state, decomposition does not 
begin till 900°, and is increased by rise of temperature. 
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(5) The formation of cyanogen increases with the 
quantity of ammonia and the temperature. 

(6) The quantity of cyanogen formed is about 1-2 per 
cent, of the total nitrogen in the coal, and about 5 per cent, 
of the ammonia formed. 

(7) The presence of water vapour lowers the cyanogen 
and increases the ammonia. 

(8) Highspeed of gas flow retards the formation of cyan- 
ogen and decomposition of anmionia. 

(9) The dimensions of the pieces of coal have no in- 
fluence on the formation of ammonia. 

The distillation of shale has been carried out in Scotland 
for the production of oil and tar for a considerable number 
of years. In 1865 Bell commenced to recover the ammonia 
as sulphate. According to Young and Beilby, Scotch shale 
yields on distillation — 

(i) Dry distillation in retorts : — (2) Steam afterwards blown through 

the red-hot retorts (1*28 steam to i part 
shale) : — 

20"4 per cent, total N in the tar. 20-4 per cent, total N in the tar. 

62'6 ditto in the coke. 4'9 per cent, ditto in coke. 

17*0 per cent, as ammonia. 74*3 per cent, as ammonia. 

The greatly increased yield of ammonia when steam is 
blown through the incandescent coke is evident, and the 
same result wUl be found also in considering the gasifica- 
tion of coal by the Mond process in a later section. 

If the " acid-tar " produced is neutralized with lime 
and distilled, a "neutral tar " is produced, and 21 per cent, 
of the nitrogen content of the tar given off as ammonia. 

The addition of lime to coal and shale before dry distilla- 
tion is stated to increase the yield of ammonia, but in spite 
of numerous communications on the subject this simple 
problem seems still to be under discussion. 

The Gasification of Fuel by the Mond Process. — 
A great economy in the combined nitrogen of coal was 
effected by executing the gasification in gas producers in 
the presence of air and steam at comparatively low tempe- 
ratures (L. Mond, 1883). In the Mond process a mixture 
of air and steam is drawn at a low red heat over fuel, 



i88 ALKALI INDUSTRY 

contained in a large upright iron cylinder, having a water- 
seal at the bottom from which the ashes are removed, and 
a hopper for fuel and an outlet pipe for gas at the top. 
A mixture of hydrogen, carbon monoxide, carbon dioxide 
and nitrogen (from the air) is produced — 

C+aHgO^tCOa+aHz (below 900° C.) 
C+HaO^CO+Hg (high temperatures) 

About 3-4 times as much nitrogen is recovered in the form 
of ammonia in the Mond process as in the dry distillation 
of coal. 

Process. Weight of ammonia Per cent, recovery 

from 100 kilograms coal. of ammonia. 

Dry distillation . . 0-25-0-3 kg. 20 

Mond gasification . . 075 kg. 60 

About 1,000,000 tons of coal are annually gasified by 
the Mond process in Great Britain ; on the Continent less 
is so treated. At Northwich, shortly after the installation 
of Mond producers, ammonium sulphate was obtained for 
£4 los. od. to £5 OS. od. per ton, which was less than half 
the market price, and the regularity introduced by gas 
firing was found advantageous. About 1890 superheating 
of the air and steam entering the producers was introduced, 
and the calorific power of the gas, which was previously 
rather low, was increased, together with the yield of am- 
monia. The calorific power of Mond gas is always rather 
low, but against this must be set its cheapness, and the 
clean character of the gas in burning, as well as the recovery 
of the by-products. Very large gas engines are required 
for economical working. In the old tj^pe of washer used 
by Mond, consisting Of towers packed with ring tiles over 
which dilute sulphuric acid was dropped, the acid strength 
had to be kept low, as otherwise the solution of ammonium 
sulphate was discoloured. 

The most recent type of gas producer on the Mond 
principle is that of I^ymn, in which various improvements 
of the original type have been made : — 

(i) The tall scrubbing towers are replaced by vertical 
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intensive mechanical washers, utilizing the momentum of 
the gas. 

(2) Dust is removed by a cyclone dust separator. 

(3) The producers are redesigned, and fitted with rotary 
grates and mechanical ash removers. 

(4) In the Mond system 2j tons of steam have to be 
used per ton of coal gasified, of which two-fifths is recovered 
in cooling the gas, but i| tons must be made in boilers. 
It is therefore advantageous to use waste steam. Lymn 
obtains this by utilizing the waste heat in the exhaust 
gases from the gas engines, and so generates steam in 25 
per cent, excess over the requirements of the producer. 

A description of a modern Lymn plant is given by the 
inventor as below : — 

Capacity : 2812-2830 K.W. as gas. 

Consumption of coal (o-8 per cent. N) : 6^-6-yo-2 tons per 
24 hours. 

Cost of coal : 12s. ^d. to 13s. ^d. per ton. 

Cost of gas per K.W.H., including 10 per cent, amortiza- 
tion : O'oyd. 

It has been stated that the yield of ammonia is increased 
by chilling the outside of the producer with water. 

In 1907 Dr. Nicodemus Caro, of Berlin, took out a 
patent for the application of the Mond process to the 
gasification of low-grade coal, coal washings, and pit-head 
waste (" Heap-Coal ") containing as low as 30 per cent, 
of coal. Such waste coal gives 25-30 kg. ammonium 
sulphate per ton, and 50-100 H.P. hours as electric current. 
It is doubtful if any attempt has been made in this country 
to utilize the enormous heaps of waste coal lying near the 
pit-heads, yet it should be possible to gasify this waste 
fuel with ftdl recovery of the ammonia, and the power 
could be utilized in the preparation of cyanamide or other 
product dependent on cheap power. There seems more 
hope for such a scheme, involving the preparation of cyana- 
mide, its decomposition with production of ammonia, 
and the oxidation of this ammonia to nitric acid, than there 
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is for the arc process. The tendency in the past has been 
to limit all power considerations to the use of high quality- 
coal, which may be far too expensive. The use of lignite 
(which is not found to any extent in this country, but is 
plentiful in the colonies) has been applied to direct steam 
raising at Bitterfeld, Saxony, where 3000 H.P. was pro- 
duced for the electrolytic alkali process in 1894. I/ignite 
has also been used for gas producers in North Dakota, 
America. The utilization of low-grade fuel is a problem 
which calls for more attention than has been given to it 
in England. On account of the plentiful supply of good 
coal found here, it has been unnecessary to trouble about 
the poorer fuel ; but this position cannot be maintained 
any longer if processes dependent on very cheap fuel are to 
be introduced with success. 

The application of peat, or turf, in gas producers was 
also pointed out by Frank and Caro in 1908. The wet 
peat containing up to 60 per cent, moisture is gasified at 
300° in lagged vertical iron Mond producers. The tempe- 
rature rises to 500°, but the optimum temperature is 400° 
when ammonia recovery is aimed at. Dried peat contains 
about 1-2 per cent, of nitrogen. The gas obtained at 
Osnabruck by the Frank-Caro process has a calorific value 
of 1400 Cal. per cu. metre, and 70 per cent, of the nitrogen 
is recovered as ammonia. The value of this ammonitun 
sulphate was said to cover the whole cost of production, 
and the power was obtained free. Whether this is true 
or not, the attitude formerly adopted in this country towards 
the gasification of peat, namely that peat containing more 
than 30 per cent, of moisture could not be gasified directly, 
and that the drying off of the rest of the water from the wet 
peat containing 70 or more per cent, of water was an opera- 
tion which made large-scale working impossible, has been 
shown to be quite incorrect. Producers are now working 
in Ireland with peat containing 60 per cent, of water. At 
Portadown peat costing 5s. per ton is gasified with the 
production of power at ^d. per H.P. hour. In Italy, at 
Orentano near Pisa, a plant for the gasification of peat, 
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with a capacity of 300 K.W., has been in operation since 
1910, and was laid down by a British company. 



Moisture in wet peat . . 
Percentage N in dry peat 
Ammonium sulphate per ton dry peat 
in lbs. 



England and 
Ireland. 



58-63 
2"2-2'3 

168-215 



Italjr. 



15 

I-58-2-5 

115-175 



Gennany. 



40-60 
1"0 

70 



The diificulty of the process does not lie in the gasifica- 
tion, but in the supply of the peat and the drying off of the 
water. Peat cutting by hand is a slow and somewhat 
expensive process and mechanical peat cutters are still in 
the experimental stage. The peat as dug contains 30-90 
per cent, of moisture, and is usually dried down to 20 per 
cent. This is, however, difficult in a moist climate. Ex- 
periments have been made with the object of drying peat 
by forcing out the liquid water by means of an electric 
current, applied to produce electric osmose. 

The I^ymn producers with preheated air and steam are 
stated to use peat containing 40-60 per cent, of moisture 
directly. 

About 10,000,000 tons of peat are raised aimually, 
4 of which are produced in Russia, the whole representing 
90,000 tons of ammonia. Extensive areas of peat occur in 
Canada, and in Ireland where it forms 5'8 per cent, of the 
soil. In Finland peat forms 20 per cent, of the soil. In 
Prussia there are 6,000,000 acres of peat land, and in America 
140,000 sq. miles, representing probably 13,000 million 
tons of peat or 640 million tons of ammonium sulphate. 
In England there are 6 million acres of peat bog of an average 
depth of 12 ft., in Ireland there are 3 million acres, some 
being very deep. Scotch peat usually yields 30*2 lbs. 
ammonium sulphate per ton ; Doncaster peat 21 lbs., on 
the wet peat. 

Other methods of treating peat (Grouven, Woltereck) 
have not been successful. 
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Similar to peat is the silt which accumulates by sub- 
sidence at the mouths of rivers. At the mouths of German 
rivers the silt contains as much as i per cent, of combined 
nitrogen, which could be recovered by gasification. This 
combined nitrogen is the cause of the fertility of the soil 
deposited by rivers in India and Egypt, and utilized in 
agricultural practice from the remotest antiquity. 

Ammonia from Blast Furnaces. — ^Ammonia is present 
in the gases from blast furnaces using coal in iron smelting ; 
a portion is probably formed by hydrolysis of the cyanides 
produced in the furnace. The difficulty of recovery depends 
on the necessity of cooling and washing the very large 
volumes of gas passing through the furnace, but in Scotland 
and Staffordshire this is effected by spraying water through 
the gas as it passes through large brickwork chambers. 
Works using coke for smelting do not recover ammonia. 
In most cases an ordinary ammonia still is interposed 
between the furnaces and the regenerative stoves where the 
gas is burnt. 

Production of Ammonia from Gas Liquor. — The 
ammonia-water or ammoniacal liquor from gas or coke oven 
works is a very complex product, containing besides tar, 
phenol, naphthalene, pyridine, etc., the following salts 
of ammonia : — 

I. Volatile Salts — expelled by boiling alone : — 
ammonium carbonates (mono-, bi-, and sesqui-). 

,, sulphide and hydrosulphide. 
,, cyanide. 

,, acetate (?). 

„ hydroxide. 

II. Fixed Salts — decomposed by lime : — 
ammonium sulphate. 

sulphite. 

thiosulphate. 

thiocarbonate. 

chloride. 

thiocyanate. 

ferrocyanide. 
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Its composition is very variable ; some analyses gave 
the following results : — 

Total ammonia I7'i54 grams per litre. 
Volatile „ .. 14-046 
Fixed „ .. 3-088 
The amomits of ammonia are usually given in what is 
known as " ounce strength," this curious unit being the 
number of ounces avoirdupois of pure sulphuric acid required 
to neutralize the ammonia in i gallon of liquor. Volumes 
of liquor are then converted to equivalent volumes of lo-oz. 
liquor. 

The ammoniacal gas liquor, after separation of the tar by 
settling in tanks, is worked up into the following products : — 
(i) Concentrated gas liquor. 

(2) Purified ammonia solution (" aqua ammonia," or 

" ammonia spirit "). 

(3) Ammonium sulphate. 

(4) Anhydrous liquid ammonia. 

In the early days of gas-works ammonia recovery, 
the gas liquor was neutralized directly with sulphuric or 
hydrochloric acid, when very impure and tarry salts were 
produced. In the newer practice, the ammonia is always 
distilled out first and then neutralized with acid. The 
free ammonia is driven out by boiling alone, and the fixed 
ammonia then obtained by adding an excess of lime and 
continuing the boiling. About 350 parts of lime to 100 
parts of fixed ammonia are used. In small works caustic 
soda is used instead of lime, as it is less troublesome, or 
else the fixed ammonia, which is an appreciable fraction of 
the total, is not recovered at all. Formerly this was the 
case in large works, because in the old direct-fired stills 
crusts were formed when lime was used to liberate the fixed 
ammonia, and prolonged boiling was necessary to drive 
off all the ammonia. In such an old still apparatus, of the 
total ammonia — 

76-9 per cent, was expelled by boiling alone ; 

20-5 per cent, was recovered by boiling with lime ; 
2-6 per cent, was left in the still-liquor. 
B. 13 
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With modern apparatus, such as is described below, 
less than 0-005 per cent, of ammonia is contained in the 
waste liquor. 

Ammonia was also prodticed by blowing steam into 
coke towers fed with gas-liquor. 

In modern practice the distillation is carried out in 
column apparatus on the principle of the Coffey still, the 
firing being either direct external (coal, etc.), or by steam 
coils, or by live steam blown into the still. The last method 
is to be preferred, because external firing causes crusts of 
lime salts to form in the still, whilst steam coils are less 
economical than live steam. Only 1-2 per cent, of the 
total ammonia recovered is estimated to be made in direct- 
fired stills at the present time. 

A still of modern type is that of Griineberg and Blum, 
shown in Fig. 53, which combines many improvements 
introduced from time to time in the old stills. Most of the 
ammonia is now recovered as sulphate, and the working of 
the Griineberg and Blum still for the preparation as sulphate 
will first be described. 

The plant consists of four parts : the still A, the heat 
economizer B, the lime pump C, and the saturator D. 

The liquor enters the economiser through the pipe i, 
and is heated by the gases coming from the saturator (where 
the ammonia is dissolved in sulphuric acid), and passes by 
2 to the still column 3 containing diaphragms. Steam is 
passed up this column and biibbles through the central 
pipes 4 covered with serrated hoods. The volatile ammonia 
is expelled in the upper part of this column, and lower down 
at 5 milk of lime of density i5°-22° Tw. is added from the 
pump, which expels part of the fixed ammonia. The 
liquor then runs to the boiler 6, containing a stepped cone 
over which the liquor flows in thia layers and is heated by 
the steam coils 7. The liquor in the economizer is heated 
by the hot gases from the saturator passing through the 
bell 8 and the pipe 9, the liquor entering the inner pipes 
at 10, rising through B and passing through 2 to the column. 
The liquor then passes down the column to the lime vessel 5, 
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overflowing by a pipe 12 to the sludge catcher 13, whence 
it overflows all round 13 and runs over the stepped cone 14, 
discharging from 15 to the overflow 16. Steam travels 
in the opposite direction to the liquor, passing up the steps 
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of 14, up the pipe 17 into 18 and the lime vessel 5, from 
which the mixed steam and ammonia pass up the column and, 
after separation of much of the steam by liquefaction in 
the cool upper part of the column, the gas leaves by the 
pipe 19 to the saturator. The uncondensed gases (H2S, 
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etc.) collecting in 8 pass to the flue 20 and the economizer, 
and finally to the burners to produce SO2, or else to oxide 




Fig. 54. — " Bamag " Ammonia Still. 

A, still ; B, economizer ; C, lime washer ; D, lime pump ; E, cell- 
condenser ; F, liquor feed. 

of iron purifiers, from which sulphur is recovered in the 
Claus process. 
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The Feldman apparatus is similar to the above, but two 
columns are used : in the first the volatile ammonia is driven 
off, then milk of lime is added and the sludge settles ; in the 
second column, to which the settled liquor passes, the ammonia 
is driven out by steam. This type is said to be very suc- 
cessful. A Feldman apparatus in use at Runcorn deals 
with 200 tons of liquor daily. 

In the apparatus of the " Bamag " (Fig. 54) one column 
is used, and milk of lime introduced into a lower com- 
partment where the bubbler is deeper in the liqviid, so that 
the latter is more efficiently stirred. 

The Solvay apparatus consists of a column with sections 
carrying inverted saucers. Preheated liquor rims in at the 
top and steam is passed in at the bottom, which drives out 




Fig. 55. — Ammonia Saturator. 

the ammonia. Lower down, milk of lime is added and the 
remaining ammonia is driven out. The vapours may pass 
through a reflux cooler, or the top of the column may be 
cooled by water, if a concentrated liquor is required. 

The absorption is carried out in a lead vessel, or in one 
of iron or wood lined with lead, containing sulphuric acid 
of 60° Be. and having a sloping floor as shown in Fig. 55. 
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The gases are led in through a perforated pipe into the closed 
half, which is separated from the open half by a seal partition 
dipping into the acid. The ammonium sulphate crystals 
are raked on to draining shelves and the liquor runs back to 
the saturator. Fresh acid is added from a vessel above the 
saturator. The crystals are 93-99 per cent, purity, con- 
taining 0-I-0-5 per cent, of free acid. The colour should 
be white or grey. The sulphuric acid used should be brim- 
stone acid or dearsenicated acid, as otherwise arsenic sul- 
phide is produced which colours the salt yellow. A blue 
colour is sometimes produced if the gas is passed into the 
acid too rapidly, when local alkalinity, leading to the forma- 
tion of cyanides and thence Prussian blue, is the result. 

Ammonium sulphate is now largely produced by the 
so-called Direct Process, in which the tar is separated 
from the crude gas by special apparatus, and then the gas 
passed directly into sulphuric acid to produce ammonium 
sulphate. 

In the processes of Feld and Burkheiser an attempt was 
made to utilize the sulphur in the crude gas to produce 
ammonium sulphate with the ammonia. In the Feld process 
the gas is washed with hot tar, and then passed into a 
solution of ferrous or zinc sulphate — 

FeS04 +2NH3 +H2S ==FeS -f {NH4) 2SO4 

The FeS (or ZnS) is filtered off and treated with a dilute 
solution of sulphurous acid, when thiosulphate or tetra- 
thionate is formed — 

2FeS+3S02=2FeS203+S 
FeS-f3S02=FeS406 

These salts act on ammonia and sulphuretted hydrogen 
in the same way as the sulphate, and FeS is precipitated. 
The solution contains ammonium sulphite. When sufficiently 
concentrated the solution is treated with SO2 and " inti- 
mately " yields ammonium sulphate. In the later process 
of Feld the tar fog is separated by treatment with atomized 
liquid tar at ioo°-20o°, and then with steam. On cooling 
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to 40° hardly any ammonia is condensed, and this can be 
absorbed in the usual way. In the process of Burkheiser 
the tar-free gas is led over oxide of iron catalyst, when the 
H2S is oxidized to SO2, which then reacts with the NH3 to 
give ammonium sulphite. Cobb precipitates a solution of 
ZnSOi with the gas, when zinc sulphide and a solution of 
ammonium sulphate are formed. The ZnS on roasting 
gives ZnO and SO2. The ZnO when suspended in water 
and treated with SO2 gives zinc sulphite, and this with 
gas containing NHg and HgS gives ZnS and ammonium 
sulphite. 

All these direct processes are at present on trial, and 
further details cannot be given. It will be noticed that the 
product is usually ammonium sulphite, not sulphate, and 
this must be oxidized. According to a Badische patent, 
this can be effected in presence of selenium as a catalyst — 

3 (NH4) 2SO3 +6NH4HSO3 =6{NH4) 2SO4 + 3S +3H2O 

The direct process in which tar-free gas is led into dilute 
sulphuric acid appears to be successful. 

In the production of ammonia from gas liquor, the 
latter is distilled. Three products are made : — 

(i) Concentrated Gas Liquor. — ^This is made for use in 
the Ammonia-Soda Process in two qualities. 

(a) Containing 16-18 per cent. NH3 together with 
sulphide and carbonate. The gases from the ammonia 
still are passed through a reflux condenser and then through 
a direct condenser. One form of condenser is the cell- 
cooler (Fig. 52), in which gas liquor is preheated in serving 
as the cooling medium. As reflux condenser, a large metal 
Iviebig's condenser is often used. 

(b) Containing 18-26 per cent, ammonia with a little 
sulphide but no carbonate. The vapours from the still 
pass through a lime -washer, in which milk of lune is pumped 
over plates in a small tower, through which the spent lime 
runs to the still (Fig. 52). The traces of sulphide form a 
protective coating of iron sulphide on the iron pipes used 
in conveying the liquors in the ammonia-soda process. 
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(2) Purified Ammonia Solution or Ammonia Spirit. — 
Excess of lime (from 3 to 3^ times as much as is used in 
making ammonium sulphate) is added to the still to allow 
for hydrolysis of calcium sulphide — 

CaS +2H20;tCa(OH) 2 +H2S 

Even then a trace of H2S comes over from the still and 
must be removed by adding ferrous sulphate to the lime- 
washer, when FeS is precipitated, and not being very 
soluble is not hydrolysed like calcitun sulphide. The gas 
from the still may also be passed through a 10 per-cent. 
solution of caustic soda after the lime-washer. The gas 
is then passed through layers of wood charcoal, and finally 
through a washer containing a heavy mineral oil to remove 
P3^idine and other organic bases. The pure gas is led into 
distilled water until a 30-per-cent. solution is produced. 
The solution must be cooled during absorption, as much heat 
is set free. The wood charcoal needs frequent renewal, 
but may be revived by heating to redness in closed iron 
retorts. 

In the process of Hill, the crude liquor is heated to 70 "-80" 
before passing to the still, when much of the COo and H2S 
is set free and escapes, thus effecting economy of lime and 
minimizing the choking of the still column with lime salts — 

(NH4) 2S +2H2O =2NH40H +H2S 
(NH4) 2CO3 +H2O =2NH40H+C02 

(3) Anhydrous Liquid Ammonia. — The purified and 
dried ammonia gas is compressed into steel coils. All parts 
of the apparatus must be of steel to prevent corrosion, and 
with multistage compression the heat is removed at each 
stage. The gas is then passed to cooling coils immersed 
in cold water for liquefaction. The liquid, of 99-9 per cent, 
purity, is sent out in steel bottles of 20, 50, or 100 lbs. It 
is used for refrigeration, and in the preparation of sodamide, 
NaNH2, by passing ammonia gas over heated sodium. 
Sodamide is used in the manufacture of artificial indigo 
and of cyanides. 
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By cooling 49 per cent, and 65-4 per cent, ammonia 
solutions in liquid air, Rupert obtained the crystalline 
compounds NH4OH and (NH4)20, melting at —77" and 
—75° respectively. 

Ammonium Salts. — Ammonium salts of technical im- 
portance are — 

The sulphate, (NH4)2S04, already described ; 

The chloride, NH4CI, or " sal ammoniac ; " 

The carbonates ; 

The nitrate, NH4NO3 ; 

The phosphates, NH4H2PO4 and (NH4)2HP04. 

Ammonium chloride is produced : — 
(i) By neutralizing " Concentrated gas liquor " with 
hydrochloric acid, evaporating and crystallizing. 

(2) By double decomposition of the sulphate with 
common salt and " fishing " out the sodium sulphate as 
the liquid is boiled down — 

2NaCl + (NH4) 2SO4 =Na2S04 +2NH4CI 

(3) In solution for use as a flux by passing a mixture 
of CO2 and NH3 into a solution of calcium chloride : — 

CaCl2 +2NH3 +CO2 +H2O =2NH4C1 +CaC03 

Ammonium chloride is sometimes sublimed in iron 
pots with concave iron lids ; it forms tough fibrous masses 
often coloured yellow in places by ferric chloride. The salt 
is also pressed into blocks or tablets — " voltoids " — for 
use in batteries. 

Ammonium Carbonate. — The following salts have been 
isolated and examined by Divers : — 

(i) Neutral carbonate, (NH4)2C03 ; 

(2) Semiacid carbonate, (NH4)4H2(C03)3+H20 ; 

(3) Acid carbonate, or bicarbonate, NH4HCO3. 

Commercial " carbonate of ammonia " is a mixture of 
the bicarbonate and ammonium carbamate, a derivative 
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of the monamide of carbonic acid (the diamide is 
urea) — 

/OH /OH /NH2 

C0< -» CO^ -> C0< 
^OH ^NHg ^NHa 

OH ,NH2 \ 

C0\ "^ C0\ Ammonium carbamate.' 

^NHa ^ONH4 

The commercial salt usually contains 31 per cent. NH3 
and 56 per cent. CO2. It is prepared by heating a mixture 
of I part ammonium sulphate with i"5-2 parts of chalk 
in an iron retort, and passing the vapour into a lead chamber, 
where crusts of ammonium carbonate collect. The salt 
is used in wool-washing, in the preparation of baking-powder, 
and of "smelling-salts." 

Ammonium Nitrate is made : — 

(i) By neutralizing nitric acid with ammonia, or by 
blowing ammonia gas into 60 per cent, nitric acid, in covered 
pans, when the heat developed is sufficient to drive off all 
the water produced in the reaction — together with about 
20 per cent, of the ammonium nitrate. 

(2) By decomposing the sulphate with sodium nitrate 
in aqueous solution. Careful attention must be paid to 
the concentrations and temperature, the whole process 
being regulated by the use of phase-rule diagrams showing 
the phases separating at the various temperatures and 
compositions. 

(3) By decomposing calcium nitrate with ammonium 
carbonate. The calcium nitrate is made by the double 
decomposition of sodium nitrate and calcium chloride, 
" fishing out " the sodium chloride which separates from 
the hot liquor. The Norwegian calcium nitrate is said to 
giVe less satisfactory results than that prepared as described, 
possibly because it is slightly basic and contains iron. 

Ammonium nitrate is largely used in the manufacture 
of explosives. 

Ammonium phosphate is prepared by treating super- 
phosphate of lime with water and steam to produce a liquid 
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of density 42° Tw. This is decomposed with barium car- 
bonate to precipitate sulphates, and neutralized with a 
slight excess of ammonia. On evaporation the mono- 
phosphate, NH4H2PO4, separates. On adding more am- 
monia, the diphosphate, (NH4)2HP04, used in sugar refining, 
is produced. 

Ammonium thiocyanate, NH4CNS, occurs in gas liquor 
and in spent oxide from the purifiers. It is prepared by 
washing the crude gas, containing ammonia and cyanides, 
with water containing powdered sulphtir in suspension. 
The ammonium sulphide produced reacts with hydrocyanic 
acid to form the ammonium salt of thiocyanic acid, NH4CNS, 
in 30-50 per cent, solution. This is purified by adding 
barium chloride, recrj^allizing the barium thiocyanate, 
and decomposing in solution with ammonium sulphate. 
Ammonium thiocyanate, often called the sulphocyanide, 
is used in photography. 

Ammonia from Cyanamide. — Berthelot in 1869 
observed that acetylene, under the influence of the electric 
arc, combines with nitrogen to form hydrocyanic acid — 
C2H2-|-N2=2HCN 

After the discovery that metallic carbides are formed 
by heating the oxides with carbon in the electric furnace, 
e.g. calcium carbide — 

CaO+3C=CaC2+CO 
and that carbides with nitrogen gave cyanides, the old 
puzzle as to the formation of cyanides in the blast furnace 
was cleared up. 

Frank and Caro in 1895 showed that in the formation 
of barium cyanide from barium oxide, carbon, and nitrogen 
at high temperatures, the following stages are passed 
through : — 

(i) BaO+C=Ba+CO 

(2) BaH-2C=BaC2 

(3) BaC2+N2=BaCN2+C 

followed, under favourable conditions by the reaction— 
(4) BaCN2+C=Ba(CN)2 
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The intermediate substances, of which BaCN2 is a type, 
were discovered by Rothe and Freudenberg, and are called 
cyanamides, since they are derived from the amide of hydro- 
cyanic acid. 

HgN— N=C -> BaN— N=C 
cyanamide barium cyanamide 

The corresponding calcium compound, calcium cyana- 
mide, or as it is usually called simply, " cyanamide," is 
produced by passing nitrogen over calcium carbide at 
iioo"— 

CaC2+N2=-CaCN2+C 

When the technical production of calcium carbide was 
begun in 1895, the possibility of using these reactions in 
the fixation of atmospheric nitrogen became apparent, 
and in 1904 the cyanamide industry was founded. The 
first factory was completed in 1906, but the industry received 
an important impetus in 1910, when steady production 
began at Niagara, and cyanamide works are now in operation 
in various parts of the world. 

In 1907 Erlwein showed that it was not necessary to 
start with calcium carbide, since a mixture of coke and lime 
when heated in the electric furnace absorbed nitrogen 
passed over it, with formation of cyanamide — 

CaO+2C+N2=CaCN2+CO 

When the demand for carbide fell off, after the dis- 
appointment attending the use of acetylene gas as an lUumi- 
nant, it was found cheaper to use carbide in the original 
process of Frank and Caro rather than Erlwein's process, 
and the older process is now almost exclusively used. 

In the cyanamide works at Odda, in Norway, the crushed 
carbide is heated in relatively small drmns of sheet iron, 
lined with refractory bricks, by means of carbon rods passing 
down the axes of the drums and heated electrically. A number 
of drums are enclosed in an air-tight chamber, and nitrogen 
passed in. When absorption has begun, the current is 
turned off, and the heat of reaction maintains the material 
at a sufficiently high temperature, which has to be carefully 
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regulated. After 30-40 hours the drums are withdrawn, 
allowed to cool, and the blocks of cyanamide removed. This 
is then ground to powder, treated with water to remove 
carbide, and packed in bags. Sometimes the powder is 
treated with oil to render it less dusty. It contains about 
20 per cent, of nitrogen, and comes on the market as " Nitro- 
lim." The nitrogen is prepared by the fractionation of 
liquid air in a I/inde machine. 

Cyanamide works have been established in other parts 
of Norway, in America, and in Italy. It is estimated that 
carbide works which pay £2 to £2 ids. per H.P. year for 
power, and average prices for coke, lime and nitrogen, can 
produce cyanamide at a profit. 

In the continuous cyanamide process of Tofani the 
crushed carbide is conveyed to the top of a vertical shaft 
furnace by a worm-feed, falls down over sloping plates 
after heating by passing through a row of arcs or resistance 
electrodes in the upper part of the furnace, and meets a 
stream of nitrogen passing up the furnace. The cyanamide 
is withdrawn from an air-tight chamber at the bottom. 
In the improved process, now in operation in Norway, 
the arcs are replaced by electrodes of carbon, 350 mm. 
diameter, the consumption of electrodes being 375-5"5 kg. 
per ton of cyanamide. The product is very uniform and 
contains 19-20 per cent, nitrogen. One ton of cyanamide 
is produced from 725 kg. of carbide. 

When cyanamide is treated with superheated steam or 
water, ammonia is produced — 

CaCNg +3H2O =CaC03 +2NH3 

In the American process, used at Syracuse, N.Y., the 
cyanamide is decomposed as follows. 12,000 lbs. water 
and 7000 lbs. cyanamide are placed in an autoclave and 
agitated for an hour to remove acetylene from unchanged 
carbide. Two per cent, of slaked lime and 3I per cent, of soda 
are then added, and steam admitted to 3-4 atm. pressure 
for 15 minutes. The pressure rises automatically owing 
to production of ammonia, to 12-14 atm. in 20 minutes. 
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The ammonia is discharged gradually, so as to maintain 
the pressure, and after ij hours steam is again admitted 
to 6-8 atm. and the ammonia again removed. Further 
steaming may recover a further 2 per cent, of ammonia. 
The yield is 98 per cent. The ammonia is washed with 
a solution of caustic soda to remove silicon and phosphorus 
compounds from the calcium silicide and phosphide usually 
present in the carbide, and is then very pure. The gas may 
be stored as such in a gasholder over water covered with 
a layer of oil, or converted into an aqueous solution. 

The world's production of cyanamide in 1914 was 
300,000 tons. Works have been erected in Germany since 
the outbreak of the war for the production of 500,000 tons, 
as well as arc process works and the Haber S3Tithetic process. 
Fair progress has also been made in America. 

Various sources of information show that the power 
consumption in the cyanamide process is 20 K.W.H. per kg. 
of nitrogen fixed (see tables at end of this section). The 
cost at Odda is stated to be £4 los. 6d. per ton ; that at 
Bussi (Italy) £4 os. od. per ton, in both cases for 20 per cent, 
nitrogen content, which work out at 275^. and 2'43<?. per 
lb. fixed nitrogen, respectively. 

The following table gives an approximate estimate of 
the amounts of nitrogen fixed by the different processes : — 

Cyanamide . . 

Aic . . 

Haber ...... 

In 1916, one million horse-power was expended in the 
fixation of nitrogen. 

Ammonia from Nitrides. — ^Many elements combine 
directly with nitrogen when heated in the gas, with forma- 
tion of nitrides. Nitrides are so produced from lithium, 
magnesium, barium, calcium, boron, titanium, silicon, and 
aluminium. 

Of these, the nitrides of titanium, aluminium and silicon 
have been utilized in the manufacture of ammonia, which 
is produced when the nitrides are treated with water or 
steam under suitable conditions. 



1913- 


1916. 


65,000 tons 


209,000 tons 


18,390 , 


29,510 „ 


8,000 „ 


60,000 „ 
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In I,andmark's process, steam and nitrogen are passed 
alternately over a mixture of titanium nitride and carbon — 

2TiN2 +3C +3H2O =2TiN +3CO +2NH3 
2TiN+N2=2TiN2 

According to Schukow (1908), titanium nitrides are 
more probably solid solutions. 

In a Badische process, '75 parts of silica are heated with 
25 parts of coal and 2 of soda in a current of nitrogen at 
1350° for 10-12 hours — 

4Si02 +8C +3N2 =2S"i2N3 +8C0 

The cooled product is decomposed by boiling with 
a 20-per-cent. solution of caustic soda, or by milk of lime 
in autoclaves, or by boiling 100 kg. of nitride with a solution 
of 40 kg. common salt and 2 kg. caustic soda in 400 litres 
of water. 

In the Serpek process, formerly worked in the Savoy, 
Switzerland, aluminium nitride, AIN, was produced by 
passing a mixture of bauxite (natural aluminium oxide) 
and coke through a revolving electric furnace at 1500-1600° — 

Al203+3CH-N2=2AlN+3CO 

The bauxite was calcined in the upper part of the furnace 
by the hot gases, and the mixture then fell over carbon rods 
heated electrically and set in the side of the fiunace tube. 
The product withdrawn from the furnace contained 26 
per cent, of nitrogen, and could be decomposed by boiling 
with water under 4-6 atm. pressure, or with weak alkali, 
with formation of ammonia. The process is no longer 
worked. 

Ammonia from Cyanides. — Since the discovery, early 
in the nineteenth century, that cyanides are produced when 
mixtures of alkalies and carbon are heated to whiteness in 
a current of nitrogen — 

NagCOg +4C +N2 =2NaCN +3CO 
and that cyanides are decomposed by steam with production 
of ammonia — 

NaCN +2H2O =HCOONa +NH3 
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numerous attempts have been made to obtain ammonia 
from atmospheric nitrogen in this way. All these have 
so far been unsuccessful, and it would hardly have been 
necessary to have made reference to the subject but that 
a recent communication from J. E. Bucher appears once 
more to have aroused considerable interest in the matter — 
so much so that a considerable sum of money has been 
allocated by the American Government for the invest^a- 
tion of the process. A brief account of some of the earlier 
work may be of interest. 

I/. Thompson {Dingl. J., 23, 281, 1839) observed that 
cyanide is readily produced by heating a mixture of 
potassium carbonate, charcoal, and iron, in a stream of 
nitrogen. The presence of iron was found to be essential 
for the successful working of the process. 

Newton in 1840-1843 took out patents for a similar 
process. Nitrogen was obtained by passing the exit gas 
from vitriol chambers, which had already had a certain 
amount of oxygen abstracted in the chamber reactions, 
through a mixture of ferrous sulphate and lime. This was 
passed over a mixture of potassium carbonate and charcoal 
heated to bright redness. The process was worked at 
Newcastle-on-Tyne for a few years, but failed on account 
of the great wear and tear on the retorts by the fluxing 
action of the fused salts. 

Ivudwig Mond in 1882 tried the process which had been 
proposed by Margueritte and Sourdeval in i860. It had 
been observed that cyanide formation occurred more readily 
with potassium than with sodium, and most readily with 
barium, salts. A mixture of barium carbonate and char- 
coal (formed by briquetting with pitch and sawdust), with 
or without the addition of iron filings, was heated strongly 
in a fireclay retort, when a porous mass of barium oxide 
with excess of carbon resulted — 

BaC03+C=BaO+2CO 

A slow current of producer-gas, obtained by blowing 
air through red-hot coke, and consisting of nitrogen and 
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carbon monoxide, was then passed over this mass, heated 
to 1400° C. in vertical retorts, mitil a sufficient amount of 
nitrogen was absorbed — 

BaO +3C +N2 =Ba(CN) 2 +C0 

The material was then cooled to 500° C. by a current of 
cold producer-gas, and steam blown through at this tempe- 
rature, when ammonia was evolved — 

Ba(CN) 2 +4H2O =2NH3 +Ba(COOH) 2 

The intermediate reactions leading to the formation 
of cyanide, discovered much later by Frank and Caro, have 
been described on p. 203. 

The process did not pay, and was abandoned by Mond, 
who afterwards turned his attention to the recovery of 
ammonia in the gasification of coal (p. 187). 

Various other processes have from time to time been 
tried, but have been abandoned. 

Bucher (J. Ind. Eng. Chem., 9, 233, 1917) claims that 
nitrogen can be fixed in the form of sodium cyanide by 
heating an intimate mixture of equal weights of sodium car- 
bonate, coke, and iron, made into briquettes, to 90o°-95o'' 
in a stream of producer-gas (CO-fN2). The resulting pro- 
duct is stated to contain up to 20 per cent, of sodium 
cyanide, which is decomposed by steam with production of 
ammonia — 

(i) Na2C03+4C+N2=2NaCN+3CO— 138-5 kg. cals. 
(ii) NaCN+2H20=HCOONa+NH3 

Bucher's claim that previous workers have failed because 
they omitted to add iron, which catalyzes the reaction so 
that fixation of nitrogen proceeds at a comparatively low 
temperature, is not in accordance with the facts, because 
the use of iron, as well as of nickel and manganese as catalysts 
has been mentioned in former patents ; e.g. Margueritte 
and Sourdeval, Brit. Pat. 1027 of i860. It may be that 
the previous experiments were carried out at too high a 
temperature, and it is certainly a matter of importance to 
try whether Bucher's proposal will lead to a satisfactory 
B. 14 
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method for the production of ammonia on a large scale. 
If the method succeeds, it will doubtless replace all the 
other synthetic processes, on account of its simplicity and 
cheapness. 

Synthetic Ammonia : the Haber Process. — After 
earlier unsuccessful attempts to bring about the union of 
hydrogen and nitrogen to an appreciable extent, dating 
from the observation of Regnault about 1840 that a mixture 
of one volume of nitrogen and three volumes of hydrogen 
when sparked in a eudiometer over sulphuric acid gradually 
disappeared and was converted into ammonium sulphate, 
the problem was solved by the researches of Haber and his 
pupils, commencing in 1905, and in 1910 the technical 
process was begun in Germany by the Badische firm. 

Haber found that the equilibrium — 

N2+3H2$2NH3 

is reached with increasing concentrations of ammonia at 
high pressures and moderately low temperatures as 
follows : — 

Pressure in atm. Per cent. NH3 in equilibrium mixture N2+3H2 at different temperatures. 
550" eso" 750" 850" 950» 

I o'077 o'o32 o'oi6 o'oog o"oo5 

100 6"7i 3"o2 I '54 o"874 °'542 

200 ii"9 5'7I 2'99 l"68 i'07 

The problem, therefore, was to find a catalyst which 
accelerates the reaction velocity to such an extent at a 
sufficiently low temperature that the yield of ammonia is 
sufficient to make the process workable on a technical 
scale. The conditions obtaining are exactly analogous to 
those discussed in connection with the contact process and 
the preparation of chlorine by the method of Deacon (cf. 
pp. 45, 119). Numerous catalysts have been patented in 
connection with the Haber process ; among them are prepara- 
tions containing cerium, manganese, tungsten, uranium, 
ruthenium, osmium, and especially catalysts mixed with 
smaller quantities of other materials which act in such a 
way as to produce a more efficient catalyst from a less 
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efficient — the so-called " promoters." Such a catalyst, for 
instance, is a mixture of iron and molybdenum. 

Plant for the annual production of 30,000-60,000 tons 
of ammonia by the Haber process (as sulphate) was said 
to be in operation in Germany at the outbreak of war at 
a single works at Oppau, and the total production in 1916 by 
the Haber process has been given as 500,000 tons ammonium 
sulphate, at a cost of £6 per ton. These figures are probably 
fallacious, although Germany has had many years' start 
over other countries in experimental work on the syn- 
thetic ammonia process. The operation of the process, 
which involves the use of hydrogen compressed to 100-200 
atm. at a temperature of about 500°, must call for con- 
siderable experience and skill, which may have been acquired 
by the Badische company, but could hardly be gained else- 
where in time to make the process useful as a war proposi- 
tion. The cyanamide process is much simpler than the 
Haber process, the plant could be erected in a much shorter 
time, and the control necessary could be more easily obtained 
under the present conditions than is the case with the syn- 
thetic method. The ammonia produced in Germany is 
required for the preparation of nitric acid by oxidation 
(see next section). 

Comparison of Nitrogen Fixation Processes. — From 
the various sources of published information the following 
tables have been drawn up, in which the power requirements 
are given, together with the approximate costs, for the 
fixation of a unit of nitrogen in the various processes 
already discussed. In these calctilations, and those in 
the table on p. 169, the following equivalents have been 
adopted : — 

I year =8750 hours ; i metric ton=iooo kg. =2205 lbs. ; 
I kilogram calorie=o-ooii65 K.W.H. ; i ton average 
coal =0-0925 K.W. year ; i dollar = 4"i83 shillings ; i K.W. 
year =1-360 H.P. year; i kg. cal.=3-968 B.Th.U. 

It will be seen that, apart from the figures relating to 
the Haber process and one or two isolated estimates imder 
other heads, there is fair agreement among the various 
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Grams N 


K.W.H.per 
kg. N fixed. 


K.W. yeais 


H.P. years 


Process. 


fixed per 
K.W.H. 


per ton 
N fixed. 


per ton 
N fixed. 


I. Arc Process. 










Birkeland and Eyde (1-25 per 










cent. NO) 


I5"7 


637 


7'26 


9-87 


Schonherr (i 5 per cent. NO) . . 


i6'7 


59"8 


6-813 


9-27 


Pauling (i'5 per cent. NO) . . 


16-7 


59-8 


6-815 


9-27 


II. Hausser Process . . 


5-56 


180 


20-45 


27-8 


III. Cyanamjde (20 per cent. N). 










Baur 


56-8 


17-6 


2-0 


2-72 


Haber 


5o"o 


20'0 


2-276 


3'095 


Lunge . . 


56-8 


17-6 


2-0 


2-72 


Summers 


603 


i6-6 


1-89 


2'57 


Landis . . 


56-4 


1775 


2-02 


275 


Kroczek 


390 


257 


2-925 


3"97 


IV. Haber Synthetic. 










Lunge (not including compres- 










sion and preparation of gases) 


680 


I '47 


0-1673 


0-2275 




38 


zft'SS 


3 


4-08 


Washburn 


28-2 


8-88 


I -01 


1-38 


Landis 


28-2 


8-88 


I -01 


1-38 


Summers (not including pre- 










paration, purification and 










compression of gases, and 










refrigeration of ammonia) . . 


66-7 


I '5 


0-171 


0-233 


V. Serpek Process (25 percent. 










nitride). 










Norton . . 


569 


17-6 


2-01 


2-725 


Serpek 


85-5 


117 


I '33 


1-808 


Kroczek 


80-3 


125 


1-42 


1-93 


Lunge . . 


1x3-8 


8-8 


I -00 


1365 




83-25 


I2'0 


1-368 


1-86 




570 


I7'55 


2-0 


2-72 



statements. As far as one can judge, after taking all the 
facts into consideration, the following table of power- 
consumption will probably not be far from the truth : — 





Grams N 


K.W.H. per 


KW. years 


H.P. years 


Process. 


fixed per 


kg.N 


per ton 


per ton 


' 


K.W.H. 


fixed. 


N fixed. 


N fixed. 


Birkeland-Eyde arc 


157 


637 


7-26 


9-87 


Modem arc 


16-7 


598 


6-815 


9-27 


Haiisser 


556 


180 


20-45 


27-8 


Cyanamide 


50 


20 


2-276 


3-095 


Haber 


28 


8-9 


1-03 


1-40 


Serpek 


80-3 


12-3 


1-42 


1-93 
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Costs of Nitrogen Fixation.— The cost of a unit of 
nitrogen fixed in any of the processes described will depend 
on the three considerations — 

(i) The cost of the raw materials. 

(2) The cost of the power. 

(3) The working costs, apart from power, including 
capital charges. 

The Arc Process. — In the fixation of nitrogen by the 
arc, the only raw materials used are atmospheric air and 
water. Both of these exist in abimdance, and the only 
costs which need be considered are power and working 
costs. The power costs have been summarized on the 
table on p. 169, and these figures together with the power 
consumption on p. 212 enable one to make an approximate 
estimate of the cost of nitric acid produced by the arc. 

In the Birkeland-Eyde process, 157 grams N are fixed 
by I K.W.H. Taking the price of power at o-o238«i. 
per K.W.H. at Notodden, we find that one kilogram of 
nitrogen is fixed for a power cost of r^idd. The power 
cost for I ton HNO3 as weak acid is therefore £i'403. 
The corresponding power costs for the Schonherr and 
Pauling furnaces would be, taking power at 0'0269ti. per 
K.W.H. at Milan (where the improved Pauling furnace is 
in use), £i-49i- 

According to Flusin {Chem. Ind., 1914, p. 525), the 
working expenses of an arc plant amount to £2 2s. to £2 8s. 
per ton HNO3 as tower acid per annum. The mean, 
£2*5 per ton, appears to be a reasonable figure. 

The capital cost for an installation producing nitric acid 
by the arc process is a somewhat speculative figure. Wash- 
burn (" The Facts in the Nitrogen Case," 1916) gives the 
installation cost at £93 per ton HNO3 per annum, which is 
certainly much too high. An estimate of the Norwegian 
costs may be derived from the figures given for the Rjukan 
works, which are stated to employ 280,000 H.P., and to 
represent a capital of £3,300,000 (Lunge, " Sulphuric Acid," 
Suppl. to vol. i., p. 109). Taking the figure of 9-87 H.P. 
years per ton N fixed (p. 212), we find that the capital 
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cost per ton HNO3 as weak acid amounts to about £26, 
whicli includes the cost of the furnace installation, absorp- 
tion towers, etc., the power houses with reservoirs, etc. 

According to K. Scott (/. Roy. Soc. Arts, 60, 646, 735, 
1912) the cost of the Norwegian plant is £^'8 per K.W., 
which is equivalent to a capital cost of £35 per ton HNO3 
per year. The mean of these two estimates, viz. £30 per 
ton, may for the present be taken as approximately correct. 
No reliable figures for installations other than those using 
water power are available (cf., however, K. Scott, Chem. 
News, 116, 187, 1917). 

It appears that the interest and amortization on the 
capital costs are already included in the figures for power- 
costs and working costs stated above, so that no further 
addition is necessary in order to find the total production 
costs. 

In the following table a working cost of £2-5 per ton 
HNO3 has been added to the power costs to give the total 
costs in the last column : — 



Process. 


GramN 
fixed by 
I K.W.H. 


Cost oi I 

K.W. year 

inf. 


Cost of power 

per kg. N 

fixed in 

pence. 


Cost of power 

per ton HNO. 

in£. 


Total cost per 

ton HKOa as 

50 per cent. 

acid in £, 


Birkeland 












Eyde Arc . . 


157 


0-904* 


1-38 


1465 


3956 






I'O 


175 


1-622 


4'122 






1-25 


219 


203 


4-53 






2'0 


3'5o 


3-245 


5-745 






30 


5"25 


4-86 


736 






375 


6-57 


6-08 


8-58 


Schonherr or 












Pauling Arc 


i6"7 


I'OOf 


I '643 


1-52 


4-02 






1-25 


2-055 


1-905 


4-405 






2'0 


3-286 


3-05 


5-55 






30 


4-929 


4-57 


7-07 






375 


6-i6 


571 


8-21 



* At Notodden. 



t At Milan. 



To these figures must be added the cost of concentrating 
the weak acid from the absorption towers, which will be 
shown later to amount to about £3 per ton (50 per cent, 
acid to 97 per cent, acid) . 
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Cyanamide. — The cost of production of cyanamide con- 
taining 20 per cent. N by the discontinuous process is 
stated to be as follows, per lb. N fixed : — 

At Odda . . . . 275^. 
In Italy . . . . 2'43rf. 

These costs refer to power at ^^0-554 and £1 per K.W. 
year, respectively. The corresponding costs of i ton KH.3 
in the form of cyanamide, are £21-14 and £i8-68, re- 
spectively. 

According to Landis the total cost of production of 
ammonia from cyanamide, including power, steam, labour, 
repairs, interest, depreciation, etc., amounts to £^'2/^ per ton, 
with cyanamide delivered at the works. The total cost per 
ton of ammonia as such, with cyanamide at the prices given 
above, would thus be £25-38, and £22-92, respectively. 
With a works making carbide, cyanamide and ammonia, 
the cost per ton of ammonia by the discontinuous process 
would therefore amount to about £25, assuming the low 
power costs of £0-554 (Odda) and £1 (Milan) per K.W. year, 
respectively. In most cases, however, the power costs 
would presumably be greater than these, and an estimate 
for the cost of production of cyanamide with power at 
diflferent costs is given below. 

For the production of i ton cyanamide (20 per cent. N) 
the costs will be as follows, exclusive of power : — 



0-76 ton lime at £o-f^ per ton . . 

0-50 ton anthracite at £i per ton 

0-435 ton nitrogen at lo-g^^ 

Electrodes . . 

Labour 

GeneraJ expenses . . 



i 
0-570 
0-500 
0-410 

OTOO 
0-650 
I-I40 

3-370 



Power required per ton cyanamide =0-404 K.W. year. 
With a 95-per-cent. efficiency, the weight of cyanamide for 
I ton NH3 will be 4-32 tons. 

The cost of materials, etc., for the preparation of this, 
exclusive of power, is 4-32 x£3-37 =£14-55- 
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The cost of conversion of the cyanamide to ammonia 
is £4*24 per ton NHg. 

.-. total cost of I ton NH3 exclusive of power=;fi879 

The power required per ton NH3 =0-404 X4"32 =1745 
K.W. year. 

The costs of power, with various prices per K.W. year, 
will be as follows : — 





£ 


£ 


£ 


£ 


£ 


Power per K.W. year 


■ ■ 0-554 


i-o 


2-0 


30 


375 


Power cost . . 


. . 0-967 


I "745 


3-49 


5-235 


6-55 


Cost of I ton NHs 


.. 19-76 


20-54 


22-28 


24-03 


25-34 



The corresponding costs for the continuous cyanamide 
process are not published ; they probably amount to about 
80 per cent, of those given above. These costs would then 
be as follows : — 





£ 


£ 


£ 


£ 


£ 


Power per K.W. year 


■ ■ 0554 


I -00 


2-0 


3'o 


375 


Cost per I ton NHj 


.. 15-8 


16-40 


17-80 


19-2 


20-25 



Serpek Process. — According to Donath and Indra, 
the cost of I ton ammonia produced by the Serpek process 
is ;fii 3s. 3<Z. Norton states that the cost of fixation of 
nitrogen alone by the Serpek process is 2-65d. per lb. 
The selling price of Serpek's nitride (26 per cent. N) in 
France in 1911 was 3'25d. per lb. If we adopt 2-65d. 
per lb. for 26 per cent, nitride as a minimum figure, the cost 
of 1 ton ammonia, still in the form of nitride, is £8-oi6. The 
cost of production of ammonia from the nitride is stated 
by the same authority to be such that ammonium sulphate 
may be produced at ^-^d. per lb. This works out at 
^^8-414 per ton of ammonia, which appears to be too small. 
As the Serpek works are now shut down, it hardly seems 
worth while to make more detailed calculations. 

Haber Synthetic Process. — The cost of ammonia 
produced by the Haber process is still very problematical. 
Apart from an estimated cost given by Haber, and another 
conjectured by Maxted, both on the basis of small-scale 
experiments, there is no published information on the 
subject. 
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Haber's estimate is ;fi2 los. per ton ammonia ; 
Maxted has given the figure at £10-^12 per ton. These 
figures are undoubtedly too low ; other unpublished esti- 
mates reach as high as £22 per ton, but it is possible that 
£15 per ton is the minimum probable figure as far as can 
be judged by small-scale working. 

The cost of ammonia made by the Haber process depends, 
apart from the power costs, on the prices of hydrogen and 
nitrogen. Some figures for these are given below (pre-war). 
Cost of nitrogen — 

In France, o-09-o-45fl!. per lb. 
In Germany, o-i6d. per lb. 
From small Linde Plant, 0-324^. per lb. 
Cost of hydrogen — 

Griesheim and Bitterfeld works (from water-gas), 

6d. per lb. 
Oerlikon (electrolytic), 4-5^. per lb. for electric 

current alone, viz. about 6d. per lb. hydrogen. 
German electrolyiic, y2d. per lb. 
Ditto compressed to 150 atm. in cylinders, 22'4<?. 

per lb. 
Haber (estimated), 5' Sod. per lb. 
The cost of materials is therefore about as follows : — 

14 lbs. nitrogen at 0-25^^. per lb. . . = y^d. 
3 lbs. hydrogen at 6d. per lb. . . = i8od. 



cost of materials for 17 lbs. ammonia = 21-5^. 



.*. cost of materials per ton ammonia . . =£11-75 

The power required is about 1-03 K.W. years per ton N 
(p. 212), hence for the fixation of 1845 lbs. N in the form of 
I ton of ammonia, about 0-85 K.W. year would be absorbed. 
At a cost of £g per K.W. year this would bring the power 
cost to £t^5> so that the total cost of production of i ton 
of ammonia by the Haber process would amotmt to £1175+ 
£7-65 =£19-4, which is about £4 in excess of the figure of 
£15 per ton adopted above. The difference is accounted 
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for by the price of hydrogen adopted above, viz. 6d. per lb., 
which is probably higher than the minimum cost (Haber's 
figure of 5"5«f. per lb. is probably a conservative estimate 
for modern plants), and the price of power, which may 
conceivably be reduced below £g per K.W. year, this being 
the lowest pre-war price for steam- or gas-generated electric 
power in England. 

By-product Ammonia. — The figures given above may 
be compared with those for by-product ammonia obtained 
from gas-works, coke-ovens, or blast furnaces. This am- 
monia appears almost exclusively on the market in the 
form of ammonium sulphate, and the price of this product 
has been largely regulated by that prevailing for Chili nitre. 
The average pre-war price of ammonia in the form of by- 
product sulphate, for several years, was £55*33 per ton NHg 
in the form of sulphate. To arrive at the market value of 
ammonia in the form of crude liquor, certain deductions 
have to be made from this figure, viz. 3'5 per cent, of the 
price of the sulphate representing brokerage and com- 
mission for marketing, and £3 per ton for the cost of con- 
verting into sulphate, including the cost of acid, labour, 
and packing. The balance then represents the value of 
the ammonia in i ton 25 per cent, sulphate, viz. 0-25 ton 
NH3 in the form of crude liquor. The above figure then 
represents £41 "40 per ton NH3 as crude liquor, which is 
of the order of ;^40'46 per ton, obtained from the average 
price of 14s. per ton for crude 8 oz. liquor delivered. 

The lowest pre-war market price for sulphate was £7*5 
per ton, which corresponds to ;ifi6-96 per ton NH3 in the form 
of crude liquor. 

The price of concentrated gas liquor (14-17 per cent. 
NH3) was about gs. ^d. per i per cent. NH3, or £46-25 per 
ton NH3 in the form of 16 per cent, liquor. 

Purified ammonia spirit (20-25 per cent. NHg) cost about 
los. ^d. per i per cent. NH3 per ton at the works, which 
corresponds to £5i'25 per ton NH3 in the form of pure liquor. 

These prices, however, do not represent in any way the 
real cost of by-product ammonia, and in the case where the 
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ammonia is utilized at the works itself, say for oxidation to 
nitric acid, the cost would be considerably less. The actual 
cost of recovery ammonia at the works, including purifica- 
tion, probably amounts to less than ^fio per ton, which is 
less than that of synthetic ammonia. The advantage to such 
works of utilizing their ammonia for oxidation is therefore 
evident. The supply of by-product ammonia is, however, 
limited, and this source alone would probably not be suf- 
ficient to produce the nitric acid required, in addition to 
the ammonium sulphate needed for various processes, such 
as the ammonia-soda process, and for agriculture. 



Cost of Production of Ammonium Sulphate 
FROM Gas I/Iquor. 

(i) Direct Fired Still, old type. — 

Fuel consumption : i cwt. coal per ton of gas liquor 
treated. 

lyime used : 15-20 per cent, of the weight of the am- 
monium sulphate obtained. 

Labour : 2 men for dealing with 10 tons of liquor per day. 

Capacity : 10 tons of 2j per cent, liquor, i.e. 07 ton of 
sulphate per day. 

The apparatus is about 10 ft. high and 5 ft. wide ; the 
column and lime vessel add another 5 ft. to the height. 

Cost with sulphate apparatus, £175. 

Cost of Production of i ton Ammonium Sulphate. 

Sulphuric acid, 148" Tw. 

Lime (18 per cent, of sulphate obtained) 

Coal 

Gas liquor 

Casks and packing 

labour, two men at 4J. per day 

Sundries, repairs, etc. . . 

Amortization on plant, ;£i75, buildings ;fioo ; 

total ;£275 . . . . ' 

Interest on plant and buildings, £275, and land 

£75 ; total ;£350 

Total per ton sulphate £12 12 2 



Tons. 


Price. 


£ 


s. 


d. 


I '06 


40s. 


2 


2 


5 


018 


I2S. 6d. 




2 


3 


0-715 


8s. 




5 


9 


[4'3 


I2S. 


8 


12 

8 

II 

6 





5 

8 


lO 


per cent. 




2 


3 


5 per cent. 




I 


5 
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(2) Feldman Still. — 7|-8 tons of liquor per day. 





Tons. 


Price. 


£ s. 


i. 


Sulphuric acid, i68» Tw 


• • 074 


M 


2 19 


7 


Lime 






3 





Coke 






9 





Gas liquor 


•• 143 


I2S. 


8 12 





Wages at 4s. ^d. per day 






8 





Sundries . . 






3 





Interest and amortization 






5 






Total per ton sulphate 



l\2 19 7 



(3) Gruneberg and Blum Still. — '3500 tons liquor of 
5i° Tw. per annum (from 35,000 tons of coal carbonized). 
Annual costs : — 



Sulphuric acid, 142* Tw. 
Lime . . 

Coal 

Gas liquor, $\* Tw 

Casks and packing . . 
Sundries, repairs, etc. 
Labour, four men for 50 weeks 
Depreciation of plant, £y30; buildings, ;£i 50 

total ^£450 

Interest on plant, and buildings, £^$0 ; land, 

£100 ; total ;i550 



Tons. 


Price, 


£ 


a. 


i. 


389 


£^ 


778 








71 


I2S. 6d. 


44 


7 


6 


175 


8s. 


70 








3500 


I2S. 


2100 












155 


12 









116 


H 







255. 


250 










10 per cent. 


45 








' 


5 per cent. 


27 


10 






Total for 389 tons sulphate 
Cost per ton sulphate 



:£3587 3 6 
£948 



The cost of manufacturing ammonia solution by direct 
distillation will depend on the concentration and purity of 
the solution obtained. The cost of production of i ton of 
ammonium sulphate, £g 4s. 8d., less the cost of sulphuric 
acid, and packing, leaves about ^6"75 as the cost of ammonia 
corresponding with i ton sulphate, or £26 per ton ammonia. 
The cost at the works where the ammoniacal liquor is pro- 
duced is much less, since the cost of condensing the am- 
moniacal liquor cannot be as much as I2s. per ton. The cost 
of extra purification, when pure ammonia liquor is to be 
obtained, is not very definitely known ; it probably amounts 
to about £7 per ton of ammonia. 
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Process. 


Raw product. 


Cost of 
power per 
K.W.Y., 


Cost per 
ton N in 
raw pro- 
duct, in £. 


Cost per 
ton NH, 

as such, 
inf. 


Cost per 
tonHNOi 

as so per 

cent, acid, 

iu£. 


Cost per 
tonHNO, 

as 97 per 

cent, acid, 

inf. 


Birkland Eyde 


30 per cent. 


0-904 


17-85 





3-965 


6-97 


arc 


nitric acid. 


I'O 


18-55 


— 


4*122 


7-12 






1-25 


20-35 


— 


453 


753 






2 


25-85 


— 


5-745 


8-75 






yo 


33-10 


— • 


7-36 


10-36 






3'75 


38-6 


— 


8-58 


11-58 


Sch5nberr and 














Pauling arcs 


30 per cent. 


I '00 


18-1 


— 


4-02 


7-02 




nitric acid. 


1-25 


19-8 


— 


4405 


7-41 






2 


250 


— 


5-55 


8-55 






30 


31-8 


— 


7-07 


10-07 






375 


36-9 


— 


8-21 


II-2I 


Discontinuous 














cyanamide . . 


Cyanamide, 


0-554 


17-6 


19-76 


9-58 


12-58 • 




20 per cent. 


I'O 


198 


20-54 


9-85 


12-85 • 




N. 


20 


21-85 


22-28 


10-43 


13-43 • 






3'o 


24-05 


24-03 


11 -01 


I4OI * 






375 


25-6 


25-34 


"•45 


1445 • 


Continuous 














cyanamide . . 


Cyanamide, 


o'554 


^"^'l 


15-8 


8-27 


11-27 * 




20 per cent. 


I'O 


14-8 


16-4 


8-47 


11-47 • 




N. 


2"0 


16-5 


17-8 


8-93 


11-93* 






30 


180 


19-2 


9-40 


12-40 * 






375 


20-6 


2025 


9-75 


12-75 ' 


Serpek .. .. 


Aluminium 
nitride, 26 
per cent. N. 


"*~ 


9-73 


8-414 


580 


8-80 • 


Haber .. .. 


Pure NHj. 


— 


18-2 


15-0 


80 


IIOO • 



• With 90 per cent, overall efficiency on oxidation and absorption; 
for calculation see p. 259- 
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Section IX.— THE OXIDATION OF AMMONIA 

The Oxidation of Ammonia. — It has been known since 
the time of Kuhlmann (1839) that when a mixture of air 
and ammonia gas is passed over heated spongy platinum, 
or certain cataljrtic materials, oxidation occurs, not to 
nitrogen and water, which are the chief products of the 
combustion of ammonia in oxygen, but to red fumes of 
oxides of nitrogen. Kuhlmann formulated the reaction as 
follows : — 

2NH3+70=N204+3H20 

Although this reaction was the basis of a well-known 
lecture experiment (cf. for instance, Mendeleeff, " Prin- 
ciples of Chemistry," i. 283), and was known to nearly all 
chemfets, it was not thought of as a technical possibility 
tmtil about 1871, when Tessie du Motay took out a patent 
for oxidizing a mixture of air and ammonia by passing over 
chromates, manganates, and plumbites, heated to 300°- 
500°, afterwards injecting steam to produce nitric acid from 
the oxides of nitrogen. The first impetus to recent technical 
applications was given by the experiments of Ostwald and 
Brauer, begun in 1900 and leading to the patents of 1902. 
For this reason, the process for the catalytic oxidation of 
ammonia is often called the Ostwald process, although, as 
has just been stated, a patent for ammonia oxidation was 
taken out as early as 1871, and the German patents were 
not granted to Ostwald on account of the previous work 
of Kuhlmann. Ostwald and Brauer found that the yield of 
oxides of nitrogen in Kuhlmann's experiment as usually 
performed was poor ; most of the ammonia is burnt directly 
to nitrogen and steam. Ostwald had, just about that time, 
formulated the I^aw of Successive Reactions, according to 
which a system of reacting substances does not pass over 
directly into the most stable sjrstem of products, but into 
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the next less stable, or the least stable of all the possible 
states. Thus, when chlorine is passed into caustic soda 
solution, the reaction is not the formation of sodium chloride 
and oxygen, which are the ultimately stable products, but 
instead the various oxy-compounds NaClO, NaClOg, NaC104 
are produced under various conditions. All these are 
unstable under their conditions of formation. Now it is 
known (cf. p. 39) that a chemical reaction is always accom- 
panied, when it occurs spontaneously, by a fall in the avail- 
able energy of the system, and the law just formulated is 
therefore equivalent to the statement that the available 
energy of a system undergoing chemical change does not 
at once fall to its lowest level, but does so in stages somewhat 
as the potential energy of a ball rolling down a staircase drops 
in stages, and the ball may even require an impulse at 
each step to carry it to the next one. There is therefore, 
a certain reluctance to proceed to dissipation of energy, 
although the latter is inexorably demanded by the second 
law of thermodynamics for every material change ; seen 
in this light the law of successive reactions bears some 
relation to the Principle of Least Action of Le Chatelier 
(see Partington, "Thermodynamics," p. 304). The forma- 
tion of oxides of nitrogen in the oxidation of ammonia 
must be regarded as an unstable intermediate phase of the 
reaction, and it occurred to Ostwald that if these oxides 
could be removed very rapidly from the sphere of chemical 
activity of the catalyst, so that the time of contact is very 
small, they might be preserved from further decomposition. 
This in fact was found to be the case when the time of contact 
did not exceed i/iooth of a second. The intermediate 
product — 

2NH3-»2NO-»N2 

in the series of reactions — 

(i) 4NH3+502=4NO-f6H20 
(ii) 4NO=2N2-f202 

(iii) 6NOH-4NH3=6H20+5N2 

was thus isolated. 
B. 15 
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At the temperature of oxidation the only oxide of nitrogen 
which could exist is nitric oxide, NO, and the gases from 
the hot catalyst are in fact colourless and only become 
red on cooling down to about 200°. Equation (i) above, 
therefore, expresses the primary reaction in the oxidation 
of ammonia. 

But nitric oxide is unstable below a certain temperature, 
and tends to split up into oxygen and nitrogen. The velocity 
of decomposition is very much accelerated by rise of tempe- 
rature (see p. 165) ; below a temperature of about 1200° 
it is so slow that NO is practically stable. Hence the NO 
produced in the oxidation must be removed quickly from 
the catalyst and cooled. 

As a result of Ostwald and Brauer's work, a small factory 
was erected at Gerthe, near Bochum in Westphalia, for the 
oxidation of coal-tar ammonia, with a monthly production 
of 130 tons of ammonium nitrate. The Ostwald patents 
were then taken over and exploited by the Nitrogen Products 
and Carbide Co., who have erected works in Belgium 
and France, and in England at Dagenham Dock, on 
the Ostwald principle. Recently many new develop- 
ments of the process have been made, and these will be 
described, together with the old process worked by the 
Nitrogen Products Co., which might be called the Ostwald 
process. 

It has been suggested (Mendeleeff, " Principles of Chem- 
istry," i. chap. 6) that the oxidation of ammonia takes 
place by successive hydroxylation and splitting off of 
water : 

(i) 2NH3+02=NH2(OH)H-H20, hydroxylamine. 

(2) 2NH2OH +O2 =NH (OH) 2 +H2O, dihydroxyammonia. 

(3) 2NH(OH)2+02=2N(OH)3-fH20, orthonitrous acid. 

(4) 2N(OH)3=N2034-3H20, nitrous anhydride. 

(5) 2N2O3-4NO+O2. 

The oxidation part of the series of reactions stops at 
the stage where N2O3 is produced, and on this hypothesis 
it would appear probable that the best yield would be got 
when the air and ammonia were mixed in the proportions 
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to form N2O3. Although these proportions are in fact very 
suitable, no very marked difference in the yield is noticed 
even if the proportions of air and ammonia are varied within 
fairly wide limits, provided more than enough air is added 
to form NO. In actual working the result depends on the 
rate of passage of the gas through the catalyst; for 
relatively slow flow rates (o*oi sec. contact) the results 
are better, as Ostwald discovered, with sufficient air to 
form NO2, but with higher flow rates (o'ooi sec. contact, 
and less) the proportions for N2O3 appear to be most suit- 
able, although the yield is practically the same even if more 
air is added. 

From the equation 4NH3+502=4NO+6H20 the 
following proportions follow : — 

For NO : i vol. ammonia 4-6*25 vols, air : 
For N2O3 : I vol. ammonia +7*5 vols, air ; 
For NO2 : I vol. ammonia +875 vols, air ; 
For N2O6 : I vol. ammonia +100 vols. air. 

Besides platinum, many other substances can be used as 
cataljrtic materials, but the process must then be conducted 
at higher temperatures. Other catalysts are metallic oxides, 
especially mixtures, such as a mixture of oxides of iron, 
cerium, and bismuth ; or oxy-salts such as pliunbites or 
plumbates of calcium, zinc or magnesium. The catalysts 
appear to act as carriers of oxygen in a cyclic action, being 
themselves alternately oxidized and reduced : — 

(i) R0„, +«0 =R0„+„ (with metals, e.g. platinum, m =0) ; 

(2) 5R0„+„ +4WNH3 =5R0«+4«N0 +6«H20. 

From a consideration of the equilibrium data of the 
reactions : — 

(1) N2+3H2^2NH3 

(2) N2+02$2NO 

(3) 2H2+02$2H20 

it is possible to deduce the value of the equilibrium constant 
for the reaction — 

4NH3 +502^>4NO +6H2O 
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which is assumed to be reversible in the presence of the 
catalyst ; for if — 

_ [NH3]2 
' [N2][H2]3 

_ [NO]2 
' [NalCOJ 

' [H2]2[02] 

then „_[NOHH2Q]6 K^J^ 

If therefore the values of Ki, K2, and K3 are known for 
any temperature, the value of K, the equilibrium constant 
of the ammonia oxidation, is also known for that tempe- 
rature. 

The values of Ki, K2, K3 for all temperatures are, how- 
ever, given approximately by the equations — 

log Ki'=log^^^ =^ - 12-268 

logK,' = log-% = -9^V2 

Hence log K' = 2 log Kg' +3 log K3'-2 log Ki' 
2 X (—9450) +3 X 24910—2 X 5775 
~ T 

+ 4+3-6+24-536 

••• log K'=44^ +32-14 

It follows that, even for very large values of T, the 
expression log K' has considerable positive values. The 
equilibrium 

4NH3 +502$4NO +6H2O 

if attained, will be in the sense that the substances 
on the right of the equation are practically completely 
formed from the initial substances at all temperatures, i.e. 
the reaction is practically quantitative at all temperatures. 
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A similar result follows from an application of Nernst's 
theorem (p. 41). 

It appears, therefore, that so far as equilibrium goes, 
the oxidation of ammonia is practically complete (100 per 
cent.) at all attainable temperatures. It is, in fact, a result 
of experiment that the yield is very little influenced by the 
temperatvure up to a certain point, but it begins to fall 
off at very high temperatures (above 1000° C). This 
falling off is, however, most probably due to the decom- 
position of the unstable NO, which becomes appreciable 
above 1200° C. (cf. p. 165). 

It has been shown that the oxidation commences, with 
platinum as a catalyst, at a dull red heat (550° C), and 
proceeds rapidly and practically completely at about 650° C. 
There is no point in going to higher temperattures, such as 
800" (which has been advocated) ; in fact, the yield falls off 
slightly at high temperatures. The yield is practically 
100 per cent, in laboratory experiments. 

The reaction goes equally well with dried or moist gases ; 
the presence of moisture appears to be slightly beneficial. 

The conversion of NO to NO2, and the absorption of 
NO2 in water to produce nitric acid, take place as described 
in connection with the arc process (p. 166) . 

Apparatus for the Oxidation of Ammonia. — The 
oxidation of ammonia on a technical scale depends on the 
solution of the following foiu: problems : — 

(i) The production of a supply of ammonia gas of the 
requisite purity, either alone or mixed with air. 

(2) The preparation of a mixture of ammonia and air 

in the proper proportions for oxidation. 

(3) The conversion of this mixture into oxides of nitrogen 

by passing over a suitable catalyst. 

(4) The absorption of the oxides of nitrogen to produce 

nitric acid. 
If strong nitric acid is to be produced from the 50-60 per 
cent, tower acid obtained in (4), the problem of the 
concentration of nitric acid must be added. This will be 
treated generally later on. 
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Of these problems, the first three are comparatively 
simple. The preparation and purification of ammonia 
from by-product ammonia is well known in this country, 
and the preparation of ammonia by the cyanamide process 
has also been worked out successfully in England, on the 
Continent, and in America. The synthetic ammonia from 
the Haber process is, it is true, not known outside Germany, 
but the other two sources just mentioned will provide 
sufl&cient ammonia for some time to come. The oxidation 
of ammonia can, as a result of recent work, be carried out 
very simply with an efficiency approaching loo per cent. 
But the production of nitric acid from the oxides of nitrogen 
is a problem which cannot yet be said to have a satisfactory 
solution. The absorption in water towers, described on 
p. i66, is a process which presents no great difiiculty, although 
the theory has been only incompletely made out. The 
towers are so cumbrous and costly that they can be regarded 
only as a tentative solution of the problem. At the same 
time, this side of the question should not be unduly exag- 
gerated. The tower' space required is not large when 
compared with the lead-chamber capacity of the sulphuric 
acid plants, yet one never hears objections from the users 
of such chambers, who may be dissatisfied with the tower 
space required in ammonia oxidation plant. Another fact 
which should be kept in mind is that the towers already 
laid down for this purpose are often unduly large and ex- 
pensive, on account of faulty design. Various attempts 
have been made to dispense with water absorption, but the 
fact that a certain amount of reaction space must always be 
allowed for the reaction — 

2NO+02=2N02 

which is fairly slow with dilute gases, must not be over- 
looked. 

The different stages in the oxidation process will now 
be considered in more detail. 

Preparation of the Ammonia. — There has been some 
dispute as to the most suitable source of the ammonia for 
oxidation. The producers of cyanamide have supplied the 
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information that gas-works or by-product ammonia is un- 
suitable, on account of the readiness with which platinum 
becomes inactive, or is "poisoned," by the sulphur com- 
pounds. It is true that ammonia purified from sulphur is 
necessary for the process, but such purification is an every- 
day operation in the manufacture of ammonia, and no 
special purification is required, beyond perhaps washing 
the gas with caustic soda solution. Cyanogen, which is 
usually a powerful poison for platinum when the latter is 
used as a catalyst, as well as hydrocyanic acid, are readily 
oxidized to NO by platinum — an observation made in 1839 
by Kuhlmann, and recently confirmed by Moldenhauer and 
Wehrem {Zeit. angew. Chem., 1914, 29, 334) — 
C2N2 +3O2 =2N0 -I-2CO2 

The organic bases such as pyridine and pyrrol, which are 
present in by-product ammonia, are removed by washing 
with oil, and if present in traces would probably not be 
injurious. Thiophene should be removed, if possible, but is 
not known to exert any bad effect. Of far greater influence 
is the presence of dust, especially oxide of iron, in the air 
or gases supplied to the catalyser, as the platinum then 
rapidly loses its activity. 

The apparatus for the production of ammonia gas from 
gas liquor is similar to that already described. The crude 
liquor is mixed in an iron tank with milk of lime, and is 
then forced by pumps to the top of a dephlegmating column 
or ammonia still, where it is met by low-pressure steam blown 
in at the bottom. Ammonia gas is expelled, and if the top 
of the column is kept cool by water, the gas escapes fairly 
dry. Moisture has no influence on the oxidation process. 
The gas is passed through two water coolers to remove 
excess of moisture, and then through 25 per cent, caustic 
soda to remove sulphuretted hydrogen, phenol, etc. The 
gas should then be washed with heavy oil to remove organic 
bases, and is then stored over water covered with a layer of 
oil in a small gasholder, which serves as a balancer. Joints 
may be made with red-lead and oil. 

In practice it is better to start with a 25-per-cent. 
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ammonia liquor prepared in the ordinary way, with purifica- 
tion, as the dephlegmator becomes choked with lime when 
gas liquor is used directly. The liquor is sent directly to 
the column, and treated with steam. The liquor may be 
stored in a tank on the ground, and forced up to a smaller 
tank 35 ft. above ground, which is connected by an iron 
pipe to the column ; liquor then flows to the latter by 
gravity, and there is no loss. The soda washers need not 
be used with purified liquor. 

Instead of driving off pure ammonia gas as described, 
which is afterwards mixed with the requisite volume of 
air (filtered through slag-wool after water-scrubbing to 
remove dust), the air may be blown through the ammonia 
column, and with a constant feed of liquor of known strength 
a mixture of air and ammonia of any desired composition 
may thus be made with some economy of steam. 

In the larger cyanamide works, the ammonia is purified 
from phosphine, silicon hydride, and acetylene (aU of which 
act much more injuriously on platinum than the traces of sul- 
phur in purified gas-works ammonia) by washing with strong 
caustic soda solution. The gas is then stored in a balancing 
gasholder as described, and passed to a mixing pipe. The 
mixing apparatus for any type of plant may be quite simple ; 
the air and ammonia are measured with orifice meters, the 
one for ammonia being lined with vulcanite, and the gases 
are then led to a small box made of aluminium, with one or 
two baffles. 

If synthetic ammonia from the Haber process were used 
it could, after filtration, be sent direct to the mixer, as it 
should already be quite pure. 

The essential points in the design of an ammonia pro- 
ducing plant are — 

(i) It should work uniformly and with little attention, 
and should not be liable to stoppage. 

(2) It should be economical in steam consumption. 
This depends on the proper regulation of the 
temperature in the different parts of the column — 
hot below and cool above. 
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(3) It should deliver ammonia at a definite rate, or a 
mixture of air and ammonia at a constant rate 
and composition if the second type is used. 

All piping after the filters should be of aluminium, 
stoneware, or glass, not iron or metal from which small 
particles of oxide are removed, which would poison the 
platinum. 

The Oxidation Apparatus : the Converter. — ^The ap- 
paratus in which the oxidation occurs, called the converter, 
varies with the system used. Since no details of any con- 
verter using catalysts other than platinum are available, 




Fig. 56. — Ostwald Ammouia Oxidation Apparatus (Elevation). 

A, supply pipe for air and ammonia ; B, outer enamelled iron jacket ; 
C, catalyst ; D, nickel tube ; F, aluminium main to absorption 
system. 

the description will be confined to the platinum catalyst 
converters. Of these three types are in use — 

(i) The original type of Ostwald and Brauer, with pre- 
heating of the mixture of air and ammonia. 

(2) The electrically heated single platinum gauze type, 

of Frank and Caro. 

(3) The Kaiser type, with pre-heated air and midtiple 

platinum gauzes, 
(i) The Ostwald-Brauer Converter. — This type of con- 
verter (Fig. 56) has been mainly exploited by the Nitrogen 
Products Co., and consists of a nickel tube, D, about 8 ft. 
long and 2 in. in diameter, surmounted by about 50 grams 
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of platinum, C, in the form of a roll of foil, about 2 cm. wide, 
and surrounded by an outer tube, B, of enamelled iron with 
an inlet for the air and ammonia mixture at the bottom. 
A large number of these converters are connected (usually 
30 in a battery) through the bottom of the nickel tubes, 
with a trunk main, F, of aluminium (Fig. 57), passing to the 
absorption towers. The reaction is started by playing a 
hydrogen flame over the platinum, and then proceeds with- 
out further heating, since the hot gases, composed of oxides 
of nitrogen and steam, from the catalyst pass down the 
nickel tube on the inside and heat the mixture of air and 
ammonia passing up over the outer surface of the nickel 
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Fig. 57. — Ostwald Ammonia Oxidation Apparatus (Plan). 

on its way to the platinum. The output of such a unit is 
stated to be 30 tons of HNO3 per annum. The efficiency 
claimed is 98 per cent., although this appears to be based 
on the experiments of Ostwald and Brauer, and the yields 
in actual works using this type of converter have probably 
never attained this figure. The output per tmit is small, 
and the method of preheating the gas limits the composi- 
tion of the mixture to about 9 per cent, of ammonia by 
volume. With richer mixtures the platinum gets too hot, 
and with weaker mixtures the heat interchange is not 
sufficient to promote the oxidation. The nickel is expensive, 
and not easy to obtain in the form of solid-drawn tubes, 
but no other metal can be used at the temperature of 600°- 
800° attained in the converter. A very good quality of 
chemical enamel is required for the lining of the outer tube. 
This old system, which is still used by the Nitrogen Products 
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Co., has therefore many disadvantages. The most serious 
defects are the difficvilty of regulating the temperature, the 
use of nickel, the large quantity of platinum required com- 
pared with modern apparatus, and the small output of each 
unit. 

(2) The Frank and Caro Converter. — In this type (Fig. 
58) the catalyst is a single layer of fine platinum gauze, D, 
woven of wire 0*065 mm. diameter with 80 rectangular 
meshes to the linear inch. This is supported between silver 
leads, and is heated electrically to about 650°. The gauze 




Fig. 58. — Frank and Caro Ammonia Oxidation Apparatus. 

A, fan ; B, mixer for air and ammonia ; C, converter base ; D, electri- 
cally heated platinum gauze catal}rst ; E, converter hood ; F, main 
for oxides of nitrogen. 



is rectangular in shape, 40 cm. by 60 cm., and is supported 
in an altuninium frame, surmotmted by an aluminium 
cone, E, with a mica inspection window, and a bent tube, 
also of aluminium, above for carrying off the gas produced 
by oxidation. Underneath the catalyst is an aluminium 
box, C, with baffles to promote uniform flow of the air and 
ammonia mixture passing to the gauze. The lower box is 
water cooled. The unit is said to be capable of oxidizing 
80 kg. ammonia per 24 hours, i.e. 300 grams per sq. cm. per 
24 hours. The weight of the platinum is about 90 grams, 
so that the output per gram of platinum is much larger 
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than with the old Ostwald type. The efficiency is given as 
90-92 per cent. The apparatus is made by the Bamag 
firm in Germany, who state that they have supplied more 
than 30 such plants for the oxidation of 12,000,000 kg. 
ammonia per annum, and had additional plants under 
construction in 1916 for the oxidation of 17,000,000 kg. 
ammonia. 

A similar type of apparatus has been specified in the 
patents of the American Cyanamide Co., but the platinum 
net used is 2 sq. ft. instead of 3 sq. ft. as in the Frank and 
Caro type. It is probable that a still more convenient unit 
would be I sq. ft. of net. 

A small converter for supplying oxides of nitrogen to 
vitriol chambers has been described by Schiiphaus- (see 
below). 

(3) The Kaiser Converter. — Dr. Kaiser, of Spandau, 
introduced in 1910 several modifications in the platinum 
converter for the oxidation of ammonia. These had their 
origin in a very dubious theory advocated by Kaiser, to 
the effect that if the air were preheated to about 300°, or 
exposed to a spark discharge, before mixing it with the 
ammonia, the atmospheric nitrogen became in some way 
" activated," so that when the oxidation of the ammonia 
occurred on the platinum catalyst, not only was the am- 
monia practically all converted into oxides of nitrogen, 
but also a considerable amount of the atmospheric nitrogen 
was oxidized at the same time, so that the efficiency some- 
times reached over 200 per cent., and could usually be about 
120 per cent. There is very little doubt that this claim to 
" autoxidation " of atmospheric nitrogen was based on 
faulty analytical methods, because no subsequent workers 
who have made use of methods beyond suspicion have been 
able to discover any trace of autoxidation. At the same 
time, Kaiser's plant presented several novel features, 
which have been the basis of the modern apparatus for 
ammonia oxidation. 

In Kaiser's original apparatus (Fig. 59), several platinum 
gauzes, D, were used, placed close together across a tube. A, 
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and the air was preheated separately in a coke-furnace 
to 300°, before mixing with the ammonia 50 cm. in front 
of the catalyst. Four nets of platinum or platinum-iridium 
wire, o'o6 mm. diameter, having 80 meshes to the linear 
inch, were used, placed together in a total thickness of 
o*5-0"6 mm. across a silica tube of not less than 10 cm. 
diameter. The gas velocity was i metre per second, giving 
a time of contact with the catalyst of only o"OOo6 sec. In 
this way, by preheating 
the air, using several 
catalytic gauzes very 
close together, and with a 
a very high flow rate. 
Kaiser claimed to obtain 
much better results than 

had been previously Fig. 59.— Kaiser Ammonia Oxidation 
found, viz. a maximum Apparatus. 

output of 1 370-182 "5 kg. A, tube; B, ammonia supply pipe; C, 
„^Zr^ ' j.:^ , diaphragm; D, pUtinum nets; T, 

HNO3 per sq. ft. of thermometer. 

catalyst per 24 hours. 

The actual yield appeared to be about 480 kg., but this 

has doubtless been improved. 

Modern Converters 

In the subsequent improvements of the converter the 
following details have been found important : — 

(i) The use of two or more platinum gauzes, separated 
by a small interval, the lower one being electrically 
heated to about 800°. 

(2) The use of a regulated amount of preheating of the 

gases passing to the converter (not pre-cooling, 
as has been recommended). 

(3) A rapid flow of gas through the catalyst. 

There is some evidence to show that a suitable converter 
unit should have a sectional area of i sq. ft., although both 
larger and smaller units have been employed. One sq. ft. 
of catalyst should produce about 1-17 tons HNO3 (reckoned 
as 100 per cent.) per 24 hours. 
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The Supply of Oxides of Nitrogen to Vitriol Cham- 
bers. — ^The use of oxides of nitrogen to supply sulphuric 
acid chambers instead of nitre has already been successfully 
introduced in England, and the necessary apparatus has 
been more or less standardized. In this way a considerable 
saving of nitre can be brought about, as by no means in- 
considerable quantities of oxides of nitrogen have to be 
supplied to make up losses in the chamber process. The 
exact amount varies considerably with the type of plant 
used (cf. p. 34), and also with local practice. The source 
of the loss is generally believed to be ]"eduction to N2O, or 
even N2 in the chamber process (cf. p. 34), but it is more 
probable that a large part is due to reduction of HNO3 
and S02(OH)(N02) to NO by the coke packing generally 
used in the Gay Lussac towers. In more modern plants 
this packing is replaced by Lunge-Rohrmann plates, or 
rings, or other more suitable inert packing. The total 
quantity of nitre (in the form of oxides of nitrogen) which 
must be kept circulating in the system for efficient working 
is much larger than that supplied to make up for losses ; 
hence, in starting a chamber plant a sufficiently large 
excess of oxides of nitrogen must be introduced. The 
amount of total circulating nitre has been variously stated 
from 9-25 per cent, of the sulphur burnt per 24 hours. About 
10 parts is apparently the normal working with large 
chamber space ; with very good chambers 9 per cent, is 
sufficient ; with smaller chamber space 15-20 per cent. ; 
and with " intensive " working 25 per cent., of the sulphur 
burnt may be used. 

The extraordinary variations in practice, as to the supply 
of nitre to make up for loss, are shown in the following 
table, all the figures in which refer to a single district 
(Widnes). It is evident that the question of nitre supply 
is dealt with quite empirically, and there is every reason 
to believe that usually more nitre is used than is really 
necessary. About 2 per cent, on the sulphur burnt has 
been successfully used. 
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The Absorption Towers. — When one constituent of a 
mixture of gases is to be separated by dissolving it in a 
liquid in which it is more soluble than the remaining con 
stituents, the operation is conducted in the laboratory 
by means of wash-bottles, or absorption bulbs, in which 
the gaseous mixture is bubbled through the liquid solvent. 
Occasionally, when a sparingly soluble gas is to be removed, 
a vertical tube filled with pieces of pumice or glass beads 
is used, the liquid being dropped down the tube and the 
gas passed upwards. This last arrangement has the 
additional advantages that the process may be made con- 
tinuous, fresh liquid being continually brought in contact 
with the gas, and that it operates on the counter-current 
principle, the fresh solvent being brought in contact with 
the nearly spent gas passing upwards from the lower part 
of the tube, and the more or less concentrated solution in 
the lower part of the tube meeting the richer gas entering 
there. In this way two results are achieved which are not 
attainable with the wash-bottle — 

(i) The last traces of the soluble gas are removed, since 
these are taken up by the fresh solvent, in which 
the rate of solution is rapid — ^the rate of solution 
being approximately proportional to the difference 
between the concentration of the solution used to 
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dissolve the gaseous solute, and the concentration 
of the solution saturated under the given partial 
pressure of the gas (cf. p. 68). 

(2) The concentration of the liquid solution is that 
corresponding with the partial pressure of the 
solute in the original gaseous mixture, and is 
therefore the maximum attainable. The velocity 
of solution is also greater the richer the gas phase 
is in the soluble constituent. 

Two cases may arise when a gas is dissolved in a liquid 
solvent, in the manner described — 

(i) The gas passes into solution, and any chemical 
interaction between the gas dissolved and the 
solvent does not give rise to the emission of another, 
less soluble, gas ; e.g. the solution of sulphur 
dioxide, carbon dioxide, and hydrogen chloride 
in water. 

(ii) The chemical interaction between the dissolved gas 
and the solvent produces another, less soluble, 
gas, which, at a given concentration, is emitted 
from the solution ; e.g. the solution of nitrogen 
dioxide in water, when nitric oxide is given off — 

3NO2 +H2O =2HN03 +N0 

On the large scale, the apparatus used for the absorption 
of gases is a modification of the laboratory column filled 
with beads, down which a liquid trickles, and is called a 
tower. Examples of such towers have already been met 
with in the Gay lyussac and Glover towers (the latter, 
however, having a more complicated function than simple 
absorption), and the Gossage towers for the absorption 
of hydrochloric acid. 

The absorption tower, when complete, will consist of 
three parts — 

(i) The tower itself, consisting of a cylindrical structure, 
with inlets and outlets for gas at the bottom and 
top, respectively, and inlets and outlets for liquid 
at the top and bottom, respectively. 
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(2) The packing, which replaces the glass beads in the 
laboratory apparatus. 

{3) The arrangement for circulating the liquid through 
the tower (in case saturation is not attained by 
a single passage) called the lift. 

The necessity for circulating the liquid is caused by 
two factors— first, the large volume of liquid which is 
required to wet the packing in the tower, and is therefore 
in excess of that required for the volume of gas passing 
during the descent of the liquid in the tower ; and, second, 
the possibly slow rate of solution of the gas in the liquid. 
It may be necessary, as is indicated by the two principles 
of tower design, viz. the removal of as much of the soluble 
gas as possible, and the necessity of obtaining a con- 
centrated solution, to pass the gas through several towers, 
the last being fed with pure solvent, the next to the last 
with the solution from the base of the last tower, and so on. 
These towers are really equivalent to a very tall single 
tower, with the last tower forming the top section, and the 
first tower the bottom section. Another plan is to circulate 
the liquid in each tower separately, but to add fresh solvent 
in addition to the top of the last tower. An equivalent 
bulk of solution is drawn off from the base of this tower 
and added at the top to the liquid circulating in the next 
forward tower, the same volume being taken from the 
base of this tower and passed to the top of the next. 
The concentrated solution is finally run off at the same 
rate from the bottom of the first tower. It may happen, 
on account of temperature differences, that the strongest 
solution does not issue from the first tower, but from the 
second tower in the series ; for instance, the first tower 
may act as a cooler, and the cooled gas is then absorbed 
to the maximum strength in the second tower. The first 
tower may also be used for purification or to remove dust. 
The two methods of tower circulation just described ma-y 
be called the continuous and the progressive methods 
respectively. Another method is to withdraw a portion 
of liquid from the base of each tower, but this is rarely used. 
B. 16 
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The main features of each part of the tower system may 
now be considered in more detail (Fig. 60). 

(i) The tower. — ^This is built up of suitable materials 
being determined by three con- 



and dimensions, 
siderations : — 



these 



(i) Mechanical. — ^The tower 
must be sufficiently strongly 
built to stand the crushing 
weight of the upper part ; it 
must be as tall as possible to 
give sufficient contact ; it must 
not be too wide on account of 
the difficulty of obtaining tmi- 
form wetting of the packing, nor 
too narrow, when the gas would 
pass through with too high a 
velocity and would not remain 
long enough in contact with the 
liquid ; and lastly, it must not 
allow either liquid or gas to leak 
out. The materials of which the 
tower is constructed may be 
bricks, stoneware pipes, or stone 
slabs. Acid-resisting metal may 
also be used, but not much is 
known of the properties of such 
material over long periods. If 
the tower is large, it should be 
built on foundations of reinforced 
concrete ; if relatively small, on 
a brickwork pier, covered with 
pitch if the tower is to be used 
for the absorption of acids. 
Tall towers, especially if built of pipes, should have 
a supporting wooden framework or scaffolding. Very 
heavy pipe sections should be supported separately. The 
lowest part of the tower, which consists of a saucer, should 
be made especially strong, as it supports the whole of the 




Fig. 60. — Absorption Tower. 

A, saucer ; B, bottom section ; 

C, C, C, intermediate sections ; 

D, cover ; E, distributing 
plate. 
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upper part of the tower. If the tower is built of bricks, 
these should be specially shaped so that the joints slope 
downwards into the tower, and liquid will, therefore, always 
run back wherever it percolates to the outer wall. Such 
bricks are made for the purpose. If built of stone slabs, 
these should be trued up and the joints sealed with putty, 
composed of china clay and boiled tar if for hydrochloric 
acid, and one of the special lutes described on p. 148, if 
for nitric acid, or else, sealed with a mixture of asbestos 
powder and fibre and water glass. The slabs are bound 
with iron bands clamped with bolts. Stoneware pipes have 
the junctions luted by letting the spigot of each pipe rest 
in the socket of the lower one, then packing the space 
between with asbestos rope, which is then covered with 
lute. Pipe towers are hardly suitable beyond a diameter 
of 3^-4 ft. and a height of 20 ft., although larger sizes may 
be used if the crushing weight is taken off the lower sections 
by scaffolding supports, and the saucer is embedded in 
concrete. There is no such limit to the height of brick 
or stone towers ; these may be built up to 12 ft. diameter 
and 60 ft. high. The diameter is usually about one-fifth 
of the height. In some cases rectangular towers have been 
built, but the circular section is much to be preferred on 
account of the more uniform gas flow. 

(ii) Thermal. — It is often necessary to maintain the 
contents of the tower at a given temperature. If heat is 
given out in the reaction proceeding in the tower, the in- 
flowing gas and water (or other solvent) may have to be 
cooled ; the rest of the heat is dissipated from the surface 
of the tower by radiation and convection, arriving at the 
surface by conduction through the walls. All these factors 
may be controlled by well-known calculations, although 
this part of tower design has had little attention. Special 
arrangements may be introduced for lowering the tempe- 
rature in the tower, as with the Cogswell coolers in the 
Solvay tower (p. 87). 

(iii) CAewica/.— The materials of the tower must not 
be attacked by the gas or liquid. Ordinary bricks will 
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hardly ever be suitable, acid-resisting blue bricks from 
North Wales, or acid-resisting blocks (p. m), set in silicate 
mortar composed of ground fireclay, asbestos, and water 
glass, may be used. If stone is used, it should be granite 
if for nitric acid, or Yorkshire flag boiled in tar for hydro- 
chloric acid. Another chemical factor is the free space 
required in the tower if a gas reaction goes on inside. Thus, 
in the absorption of oxides of nitrogen, nitric oxide is evolved, 
which has to be reoxidized by the ejccess of oxygen present, 
and then reabsorbed, and so on : — 

3NO2 +H2O =2HN03 +N0 

2NO+02=2N02 

The second reaction requires time for its completion. 
In a lo-per-cent. mixture of NO2 and air (by volume), 2 J 
minutes' contact in the towers should be allowed, and with 
10,000 cu. ft. of gas passing through the towers per hour, the 
capacity of the towers will have to be at least 350 cu. ft. 
The free space, to which this calculation refers, is the portion 
of the tower not occupied by packing ; the latter may take 
up from 10 to 80 per cent, of the space inside the tower, 
according to the type of packing used. With a packing 
taking up 20 per cent, of the tower space, the capacity of 
the towers, for the above example, will therefore have 
to be 350x100-^80=435 cu. ft. If the towers are con- 
structed of stoneware pipes 3J ft. in diameter, a total 
length of 435-f (175)2x3-17=45 ft. is required. This 
could be bmlt up of four towers, each 11 ft. in height, as this 
height can be made up of three lengths of 3-ft. pipe, together 
with the cover and saucer. A certain amount of space is 
provided by the connecting pipes between the towers, 
which may vary from 4 in. diameter for i-ft. towers to 
15 in. diameter for 3j-ft. towers. It is better to leave 
this extra space as a margin of safety, and design the towers 
alone to have the required space. 

The intermediate sections are of plain pipe, the lowest 
section has a gas inlet pipe, and the saucer has two outlets 
for liquid, one being usually fitted with a ground-in stone- 
ware stopcock and the other with a ground plug or the 
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outlet for the Pohle lift. The cover of the tower has an 
outlet for gas at one side, and an inlet for liquid in the 
centre. It usually also has a glass window for inspection. 
Below the cover, resting on the lip of the top section of pipe, 
is a distributing plate, for spreading the liquid fed into 
the tower over the packing. This is a stoneware plate with 
perforations and ribs, as shown in Fig. 61. 




Fig. 61. — Distributing Plate (Plan). 

(2) The Packing. — This may consist of various materials. 
If the tower reaction is of the first type, viz. simple absorp- 
tion, a packing offering the maximum surface is used, such 
as coke for hydrochloric acid or for the Gay I^ussac tower 
in the chamber process. This should be hard metallurgical 
coke with no pieces passing through a 3-in. sieve, the larger 
pieces packed by hand over a grating at the bottom of the 
tower. For other purposes, blocks of granite, flints, or 
acid-resisting bricks may be used, or the I^unge-Rohrmann 
plate packing (p. 28). All these types of packing take up 
about 80 per cent, of the tower space, and are quite unsuit- 
able for towers in which slow secondary reactions occur. 
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as in the absorption of oxides of nitrogen. In sucli cases 
earthenware cylinders, or " rings " (2 in. diameter and 2 in. 
high), piled one above the other so as to break up con- 
tinuous channels, or hollow perforated balls (Guttmann 
balls), are used. These take up about 50 per cent, and 15 
per cent, of the free space, respectively. If Guttmann 
balls are used, each tower section must be separated by a 
perforated plate, to carry the weight of the packing, other- 
wise the packing in the lower 
part of the tower would be 
crushed by the weight of that 
above it. Ball packing is, 
although probably the best, the 
most expensive type. Several 
less expensive patent packings 
are on the market ; some of 
them are good. The packing 
should be washed with water 
before putting into the tower, 
and the inside of the tower 
should also be cleaned. 

The lowest section of the 
tower, in which is the inlet for 
gas, is usually left empty ; the 
rest should be filled with packing. 
(3) The Lift. — This may be 
on the pressure (Fig. 5) or 
emulsator (Fig. 6) principle. A 
very efficient lift on the emul- 
sator principle, which is now largely used, is the Pohle 
lift (Fig. 62). It consists of a stoneware bottle with three 
necks. One of these, a, serves for the introduction of the 
liquid to be circulated, say the liquid running from the 
saucer of the tower. This liquid should run down a tube 
sufficiently long to prevent its being forced back by the 
pressure of the compressed air, which is introduced through 
the neck b. Passing through the third neck c is the elevator 
tube, which has a serrated edge below passing halfway 




Fig. 62.— Pohle Lift. 

a, feed pipe from tower ; 6, 
pipe for compressed air ; c, 
elevator pipe. 
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down the inside of the bottle. The liquid runs into the 
bottle through a until its surface touches the serrated edge 
of the tube c, when an emulsion of liquid and air, or, with 
a slightly less air pressure, a series of short columns of 
liquid separated by columns of air, is forced up the elevator 
tube. These lifts work satisfactorily when once the heights 
of the siphon and elevator tubes, and the air pressure, have 
been adjusted. The air carried into the towers with the 
liquid serves for the oxidation of the liberated nitric oxide, 
and it is quite unnecessary to separate it at the top of the 
tower by a trap, as is sometimes done. A considerable 
amount of oxidation occurs in the lifts, as there is an inti- 
mate mixing of liquid and air in the elevator tube. The 
tubes are of glass, about J in. diameter, connected by sockets 
with acid-resisting cement. 

Absorption of Oxides of Nitrogen. — The primary 
products of oxidation of ammonia are, as stated, nitric 
oxide and steam. These pass out of the converter at about 
600°, and are somewhat cooled in passing to the cooling 
plant through aluminium air-pipes. When the hot gases 
from the converter cool down, in presence of excess of 
oxygen, either added in the first place to the mixture passed 
over the catalyst, or after the catalyst in the form of 
" secondary air," an oxidation of the nitric oxide to higher, 
brown, oxides begins. According to Raschig this takes 
place in two stages : — 

(i) A rapid oxidation to the stage N2O3. 

(2) A slow oxidation to the stage N2O4. 

Lunge and Berl proved, however, that the oxidation 
occurred with measurable velocity according to the equation 
for a termolecular reaction — 

2NO+02=2N02 

Holwech also found that the rate of oxidation of nitric 
oxide was comparatively slow. According to Norton 
("Report") in the case of furnace gases from the arc 
process, containing 2 per cent. NO in the air, 50 per cent, 
of this is oxidized to NO2 in 12 seconds, and 90 per cent, 
in 100 seconds, at air-temperature. 
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The results of Lunge and Berl are summarized below. 
Initial mixture : 125 c.c. NO, 500 c.c. air. Temperature 
20° C. 



Time in seconds. 


Composition of gas expressed as per cent, of original NO. 
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This preliminary oxidation is effected by having the 
first tower empty, and not circulating any liquid in it. 
The gases are first cooled to 30° in preliminary air-coolers 
of acid-resisting metal, and in silica spirals immersed in 
water, most of the water produced in the oxidation being 
removed, containing some nitric acid. The tower system 
therefore consists of a preliminary empty oxidation tower, 
followed by a series of absorption towers. Part of the 
secondary air, required for the conversion of NO into NO2 
is introduced by the Pohle lifts into the absorption towers ; 
the rest is added to the cooled gases passing into the oxida- 
tion tower. 

By reason of the high velocity of the gas current, and 
the slow rate of oxidation of NO to NO2, it is possible by 
special cooling apparatus to separate up to 75 per cent, of 
the steam without taking out more than i per cent, of the 
total nitric acid produced, and so to pass on a rich gas 
mixture to the first absorption tower, which leads to the 
production of a stronger acid. In addition, the concentration 
of the oxides of nitrogen is increased by the removal of the 
steam, and further oxidation therefore takes place more 
rapidly. The condensed water, together with enough 
additional water to produce acid of 55 per cent, is added 
to the top of the last tower. If nitric acid quite free from 



THE OXIDATION OF AMMONIA 249 

ammonia is required, only pure water should be added to 
the last tower, and the condensed water either used for 
the preparation of ammonium nitrate or thrown away. If 
only the condensed water is used and no extra water added, 
an acid of 78 per cent, strength would be produced, but, 
as described below, it is not possible to attain this strength 
by direct absorption, as the latter ceases at about 68 per 
cent. Acid of 60 per cent, may, however, be produced in 
the towers. 

If the gases are brought in contact with water or an 
alkaline absorbent, the reactions are somewhat compli- 
cated. Foerster and Koch with discussion of previous 
work, state that the following reactions occur : — 

(i) N204+H20=HN02+HN03 

(2) 3HN02=HN03+2NO+H20 

Therefore the total reaction is — 

(3) 3N02+H20=2HN03+NO 

If absorption occurs at higher temperatures, say about 
50" C, practically no nitrous acid is produced, and re- 
action (3) occurs directly. 

The NO may then be further oxidized by the excess 
of air to NO2, and finally the whole of the NO2 converted 
into nitric acid. But it is known that even under ordinary 
conditions traces of N2O3 are formed according to the 
equilibrium — 

(4) N02+NO;tN203 

and this would be absorbed as nitrous acid — 

(5) N203+H20=2HN02 

Foerster and Koch found that if a mixture of i vol. 
N0-f2 vols. O2 is passed into water, rapid absorption 
occurs until nitric acid of 40 per cent, is produced. Up to 
50 per cent, acid the absorption is slower, and then it 
rapidly diminishes until a concentration to 68-69 per cent, 
is reached, beyond which no further absorption occurs. 
This limit is explained by two circumstances — 
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(i) The volatilization of HNO3 which is carried away by 

the gas current, 
(ii) The formation of a hydrate, HNO3.2H2O, in solution, 

and the great diminution of concentration of 

" free " water when the strength of the solution 

exceeds this. 
Helbig observed that if a mixture of NO and ozonized 
air is led into water, rapid absorption occurs, and HNO3 is 
produced. Ozone also oxidizes pure liquid N2O4 to crystal- 
line N2O6, which gives nitric acid with water. Foerster 
obtained over 80 per cent, acid by leading NO+ozone into 
water. Warburg also observed that N02-|-ozonized air is 
rapidly absorbed by dilute alkali, whereas NO2 alone is 
only slowly absorbed (cf. below). Ozone with N2O4 or 
N2O6 produces some higher oxide, NO3 or N2O7. 

If the gases are absorbed by alkalis, peculiar results 
are obtained (cf. ]>blanc, Zeitschr. Elektrochem., 12, 541, 
1906). If the brown fumes from 2NO+O2 are shaken 
immediately with alkali a mixture of equimolecular pro- 
portions of nitrite and nitrate is produced — 

N204+2KOH=k:no3+kno2+H20 

This is a slow reaction (cf. Nernst, ibid., p. 544). But 
if the liquid is allowed to stand in contact with the gas for 
a time, and then shaken, nitrite predominates. This is 
explained by the production of NO, and formation of N2O3, 
which is rapidly absorbed, by the water in the surface of 
the liquid — 

N203+2KOH=2KN02+H20 (completely) 
Thus we have the reactions — 

(1) 2NO +O2 $ 2NO2 (slow) 

(2) NO +NO2 1^ N2O3 (rapid) 

(3) N204-f2KOH=KN02-hK:N03+H20 (slow) 

(4) N203-f2KOH=2KN02+H20 (rapid) 

It is found that the rate of absorption of oxides of 
nitrogen in water is diminished by rise of temperature, 
Another factor which has not been mentioned above because 
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even less is known about it, is the influence of temperature 
on rate of solution by altering the relative amounts of 
NO2 and N2O4 in the gas. It is very probable that the 
polymerized form of the oxide is dissolved more slowly or 
more rapidly than the simple form. Above a certain 
concentration of HNO3, oxides of nitrogen as such exist 
in the solution (N2O3 or N2O4) and the equation — 

3HN02=HN03 +2NO +H2O 
is then no longer sufficient to explain all the reactions. These 
oxides of nitrogen colour the liquid blue (N2O3), green 
(N203H-N204), or yellow (N2O4), according as it contains 
more or less water. 

It is found impossible in practice to absorb the whole 
of the oxides of nitrogen in water in the form of nitric acid. 
When the gases become very dilute, the rate of oxidation 
of NO to NO2 is very slow, and the last portions are usually 
swept out of the towers with the effluent gases. It is 
common for the effluent gas to contain 10 per cent, of the 
oxides passed into the tower, when the latter are very 
dilute gases obtained from arc furnaces, i.e. a gas contain- 
ing 0"2 per cent, of NO escapes. Even with richer gases, 
a considerable amount of oxides of nitrogen escape, espe- 
cially should the temperature of the towers be too high. 
Various ways of dealing with these gases have been pro- 
posed. In the case of arc furnace gas, the problem is not 
so acute, but when an expensive raw material such as 
ammonia is in question, it is imperative that as much of 
the oxides of nitrogen as possible should be absorbed. 
Two proposals are given below : the first is used at the arc 
works, whilst the second seems to offer advantages to 
English practice : — 

(i) The residual oxides are sent to a tower down which 
a spray of caustic soda or sodium carbonate 
solution is falling Sodium nitrite is produced, 
according to equations (2) and (4) above. The 
liquid is circulated until it is neutralized by the 
oxides of nitrogen, and is then evaporated to pro- 
duce sodium nitrite. 
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(2) The residual oxides are passed to a Gay I^ussac 
tower and absorbed in concentrated sulpburic 
acid, as in the chamber process. It might even 
be possible to pass the exit gases directly to the 
vitriol chambers, so as to utilize the oxides of 
nitrogen, although these are in a very dilute 
state. In any case the working of ammonia 
oxidation in connection with a chamber plant 
offers several advantages. 
Alternative Methods of Absorption. — The absorp- 
tion towers previously described are very bulky, and form 
the most expensive item of the ammonia oxidation plant. 
Various proposals have been made with a view to dispensing 
with the towers altogether, but it must be kept in mind 
that a certain amount of space will always be required for 
the reaction — 

2NO+02=2N02 
to proceed whilst the converter gases are passing to the 
absorption system. In addition, the gases are charged 
with moisture, which would have to be removed if some 
of the methods were applied, and this removal in presence 
of oxides of nitrogen would present difficulties. It would 
be simplest if the proportions of air and ammonia passing 
to the converter were such as to produce NO, which, after 
removal of about 80 per cent, of the water by cooling, could 
then be dried by sulphuric acid and mixed with sufficient 
air or oxygen to form NO2. But it has been found that the 
efficiency of oxidation falls off appreciably when the air is 
reduced to the stage sufficient for the production of NO 
alone, the full efficiency not being reached until enough air 
is added to form N2O3. 

If a dry mixture of air and oxides of nitrogen is obtained, 
the following methods have been proposed for the absorption 
of the oxides : — 

(1) Compression to 5 atm. and then cooling by adiabatic 
expansion, when the nitrogen dioxide liquefies out as N2O4. 
The cooling must be carried to a point much below the 
point of liquefaction of pure nitrogen dioxide, because 
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the temperature-lowering must reach a point at which pure 
liquid N2O4 has a vapour pressure equal to the partial 
pressure of NO2 in the gas mixture. If the oxidation to 
NO2 is not complete, and some NO is left, then N2O3 will 
liquefy along with the N2O4, and the condensing temperature 
is still lower. 

(2) Washing out the NO2 by liquid solvents, which 
boil above 50° C, and do not solidify above —50°, and are 
not attacked by NOg. These are proposed for use in con- 
junction with cooling, to prevent the apparatus becoming 
choked by solid N2O4, but might be used at ordinary tempe- 
ratures if the solubility were great enough. Such solvents 
are pentachlorethane, tetrachlorethane, nitrobenzene, and 
carbon tetrachloride. The NO2 can be removed from the 
solutions by fractionation. 

(3) Absorbing the NO2 in solids, such as the oxides 
of lead, copper, zinc, and calcium. In the case of the 
oxides of the heavy metals the absorption occurs somewhat 
slowly at about 150° C, with formation of a mixture of 
nitrite and nitrate, from which the oxides of nitrogen are 
expelled in a concentrated form by heating to about 
200" C— 

2ZnO +4NO2 =Zn(N02) 2 +Zn(N03) 2 
Zn(N02) 2 + =ZnO +N0 +NO2 
2Zn(N03) 2 =2ZnO +4NO2 +O2 

The use of lime forms the basis of the process of Schloe- 
sing, which was intended for the treatment of gases from 
the arc furnaces. The quicklime is specially prepared by 
slaking ordinary lime, preferably obtained from chalk, 
dehydrating the slaked lime at a temperature not above 
50o°-6oo", and pressing the calcium oxide into briquettes. 
If these are heated for several hours at 400 "-450° in a stream 
of air containing oxides of nitrogen, basic calcium nitrate, 
containing only a trace of nitrite, is ultimately produced. 
The presence of about i per cent, of the oxides of man- 
ganese, iron, or chromium, acts catalytically and accelerates 
the reaction. This process is, however, quite unsuitable 
for use with gas from ammonia oxidation. In the first 
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place the drying of the gases would offer considerable 
difficulties. Then the nitrate produced is basic and would 
not be suitable for the preparation of ammonium nitrate 
or nitric acid without great technical difficulties and loss 
of materials, whilst the raw product would not command 
a price sufficient to pay for the ammonia. lyastly, the 
absorption process is always attended by a considerable 
loss of nitrogen in the elementary form — as much as 20 per 
cent, being set free — 

2CaO +5NO2 =2Ca(N03) 2 +N 

This loss of nitrogen also attends the absorption by the 
other metallic oxides mentioned above, and although this 
might not be serious in the case of the arc process, where 
on account of the cheapness of power it is more important 
to ensure smooth running of the process than economy 
of material, yet it could not for a moment be tolerated in 
the ammonia oxidation process where such an expensive 
raw material as ammonia is used. 

In addition to the above processes, which deal with 
dry gases, there are a few processes which aim at the pro- 
duction of nitric acid from the moist oxides of nitrogen 
without the use of absorption towers. These depend on 
the treatment of the gases with steam and air or oxygen, 
followed by cooling so as to liquefy out nitric acid directly. 
These processes appear to offer important advantages, 
and it is probably in this direction that further advances 
will be made in the near future. 

In Brit. Pats. 15948 of 1911, 4345 of 1915, to Meister 
lyucius and Bruning, a process is described for the prepara- 
tion of concentrated nitric acid from 60-62 per cent, acid 
obtained in absorption towers. The dilute acid is enriched 
with nitrogen dioxide, NO2, which easily dissolves in the 
acid, and the nitric acid containing nitrogen dioxide is 
subjected in a finely divided state to the action of oxygen. 
In consequence of the increased concentration of the NO2 
the speed of the reaction is increased in the sense of tlie 
equation — 

2NO2 +H20-»HN03 -fHNOg 
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The unoxidized part of the NO2 is expelled by the 
oxygen introduced at the end of the reaction system, and 
the nitric acid is obtained practically free from nitrous 
acid. The NO2 may be introduced either in the liquid or 
gaseous state. A small excess of oxygen (2-5 per cent, 
over the theoretical equation 4N02+02+2H20=4HN03) 
is used. 

If nitric acid containing water is intimately mixed with 
a larger proportion of liquid NO2 than corresponds with 
the maximum solubility, and the liquid is left at rest, two 
distinctly separate layers are rapidly formed. Each of 
these homogeneous layers consist of nitric acid and NO2, 
and one of them — in most cases that of lower specific gravity 
— contains a more concentrated acid (under favourable 
conditions nitric acid of about 100 per cent, strength) and 
the other layer a more dilute acid than that at first used. 
The NO2 may be eliminated from the enriched layer by 
fractionation, and used again. 

Thus, if 15 parts by weight of nitric acid of 81 per cent, 
strength are shaken with 30 parts of liquid nitrogen dioxide 
and the mixture left at rest, two layers separate, from each 
of which nitrogen dioxide is separately removed. In the 
upper layer there remains an acid of 98-99 per cent, strength, 
and in the lower layer one of 75 per cent, strength. 

If a mixture composed of 60 parts of nitric acid of 75 
per cent, strength and 450 parts of nitrogen dioxide is treated 
under a reflux condenser with a strong current of oxygen, 
two layers make their appearance on standing. If the 
NO2 is removed and the two layers mixed, there remains 
an acid of 95 per cent, strength. The upper layer alone 
when freed from NO2 is an acid of nearly 100 per cent, 
strength, and the lower layer an acid of about 90 per cent, 
strength. 

If NO2 and oxygen are passed through water or dilute 
nitric acid for a sufl&cient time, the same two layers make 
their appearance on standing. 

In the process of the Saltpetersiire Industrie G.M.B.H., 
Gelsenkirchen (Brit. Pat. 23385 of 1908), a mixture of 



256 ALKALI INDUSTRY 

nitrogen, oxides of nitrogen, and water is cooled by refrigera- 
tion to a temperature, below zero, wben nitric acid separates, 
the concentration of the acid obtained being higher the 
greater the degree of refrigeration. Thus, if a mixture of 
air, nitrogen dioxide, and aqueous vapour, containing i 
per cent, by volume of NO2 and so much aqueous vapour 
that the nitric acid vapour remains slightly superheated 
at 100° C. {e.g. 20 grams H2O per cu. metre) is cooled, the 
following results are obtained. When the temperature 
falls to 30° C. a nebulous condensate of acid of 5 per cent, 
strength is formed. At 20" the proportion of acid in the 
nebulous condensate is approximately 17 per cent., at 
10° approximately 50 per cent., and at slightly below zero 
the proportion of acid is 60 per cent. If no part of the 
condensate is removed during the cooling, all the nitrogen 
dioxide is converted into 60 per cent. acid. By removing 
the condensate at different stages of the cooling, condensates 
of different strengths can be separately obtained. 

The Concentration of Nitric Acid. — The tower acid, 
obtained by absorbing the oxides of nitrogen in water in 
the towers, is usually about 55-60 per cent, strength nitric 
acid, and contains very little nitrous acid. It may be used 
directly for the preparation of afnmonium nitrate by neutral- 
izing it with ammonia, but if strong nitric acid (80-98 per 
cent.) is required, this weak acid must be concentrated. 

Several processes for the concentration of nitric acid have 
been proposed, the following being the most important : — 

(i) By fractional distillation. — ^The boiling-points of 
water and pure nitric acid are 100° and 86°. If, however, 
a mixture of nitric acid and water is distilled, either a more 
dilute or more concentrated acid passes off as vapour until 
the composition of the residue is 70 per cent. HNO3, which 
then boils off unchanged at a temperature of 121°. In 
other words, this is the mixture of maximum boiling-point. 
If a weaker acid than this is distilled, the residue approaches 
the composition of the mixture of maximum boiling-point, 
viz. 70 per cent., and no further concentration is then 
possible. If, however, a stronger acid, say 80 per cent,, 
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is distilled, a still more concentrated acid comes over till 
the residue has attained the 70 per cent, composition. The 
method of concentration by distillation is, therefore, of 
very limited application. 

(2) By distillation with concentrated sulphuric acid. — 
If concentrated sulphuric acid is added to the weak nitric 
acid, say 70 per cent., then the vapour produced on heating 
is much richer in nitric acid, and with a large excess of sul- 
phuric acid practically pure nitric acid may be distilled off. 
This forms the basis of the usual method of concentration, 
which may be carried out in two ways — 
(i) Discontinuously. 
(2) Continuously. 

In the discontinuous process, the weak nitric acid is 
mixed with concentrated sulphuric acid in a cast-iron still, 
similar to a nitric acid still (Fig. 47), and the strong nitric 
acid distilled off. The sulphuric acid remaining is then 
re-concentrated, say in a Gaillard tower, and used over 
again. This method is somewhat costly, on account of 
the large consumption of fuel in the distillation and in the 
re-concentration of the sulphuric acid. 

In the continuous process, the vapour of the weak nitric 
acid is passed up a tower filled with acid-resisting packing, 
down which strong sulphuric acid trickles. Over every 
horizontal plane in the tower there will be nitric acid vapour 
of a definite composition, corresponding with the concentra- 
tion of the sulphuric acid passing downwards through that 
plane. I^ower down in the tower, where sulphuric acid 
has become diluted, the vapours contain considerable 
quantities of water along with the nitric acid, but in the 
upper part of the tower, where concentrated sulphuric acid 
enters, the vapours are practically pure nitric acid. The 
diluted sulphuric acid passing from the bottom of the tower 
is reconcentrated in a Gaillard tower. A combination of 
fractional distillation of the weak nitric acid in vacuum 
evaporators, similar to Kestner evaporators (Fig. 27), and 
then passage of the enriched vapours to a sulphuric acid 
column, forms the basis of Collet's concentrating apparatus, 
B. 17 
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■used in the Norwegian works. It is one of the most eificient 
modern types of concentrating plant, but has a very high 
initial cost compared with a discontinuous still. 

(3) By treatment with liquid nitrogen dioxide. — If an 
80 per cent, nitric acid is agitated with liquid N2O4, the 
mixture separates into two layers. Both layers contain 
considerable amounts of unchanged N2O4, but if they are 
separated, and the N2O4 distilled off, the residue from the 
upper layer is practically 100 per cent. HNO3 ; that from 
the lower layer is 75 per cent. HNO3. 

If an acid weaker than 80 per cent, is taken, the separa- 
tion into two layers does not occur, but if a considerable 
excess of liquid nitrogen dioxide is added, and oxygen blown 
through the mixture, preferably with violent agitation 
under a reflux condenser, then at a certain point separation 
into two layers again occurs on standing. After removal 
of the N2O4, the residues of these layers are 100 per cent. 
HNO3 and 75 per cent. HNO3, as before (cf. p. 255). 

The oxygen used in these processes could be obtained 
as a by-product in the fractionation of liquid air in the 
process of making nitrogen for the Haber ammonia synthesis 
or the preparation of cyanamide. The oxidation of the 
ammonia would produce the oxides of nitrogen, which 
would then be worked up into nitric acid, by means of the 
oxygen, in some such process as has been described. If 
the nitric acid were absorbed in the usual tower system, 
the space occupied by the latter could be considerably cur- 
tailed by the use of oxygen instead of air for the secondary 
oxidation of the NO to NO2, either in the oxidizing tower 
or in the Pohle lifts. The weak nitric acid might then be 
concentrated by means of oxides of nitrogen, obtained by 
diverting a part of the converter gas to a suitable drying 
system, and condensing out the NO2, say by refrigeration. 

Cost of Nitric Acid from Ammonia. — Some estimates 
of the cost of plant, and the conversion costs, for the ammonia- 
oxidation process have appeared in the literature. These, 
however, refer to the old Ostwald type of apparatus, and are 
higher than the costs for modern plant for three reasons — 
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(i) The large amount of platinum required in the old 
apparatus, and the expensive nickel tubes. 

(2) The small output of the old converters. 

(3) The unnecessarily expensive absorption towers used 

in the old plants. 
A summary of these estimates is given below : — 
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Washburn estimates the cost of conversion at £2-509 to 
£3-13 per ton HNO3 as 55 per cent. acid. The old estimates 
are too high for modern plants for the reasons stated. Thus 
for a plant producing 10,000 tons HNO3 per annum, as 55 
per cent, acid, the towers alone on the old estimate would 
cost more than the complete modern plant. The con- 
version costs as given are also high ; the present cost is 
probably of the order given by Washburn, viz. about £^ 
per ton, including 10 per cent, amortization. The con- 
centration cost of £3 per ton given in the older estimates 
is probably somewhat high for a modern installation, but 
for the present may be taken as correct. With the prices 
of ammonia from the various sources, given on p. 221, and 
the conversion and concentration costs just stated, viz. 
£3 per ton each, one obtains the following table of production 
costs, for the preparation of one metric ton of nitric acid 
by a modern ammonia oxidation plant, with a 90 per cent, 
overall efficiency. (The capital cost for a modern plant, 
exclusive of the ammonia section, would be about £2'S-£z 
per ton HNO3 in the form of 55 per cent, tower acid, for an 
annual production of 10,000 tons HNO3.) 

♦ With concentration plant. 
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In the case of synthetic sources of ammonia, a power 
cost of £375 per K.W. year has been assumed (cf. p. 216). 
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These figures are, of course, more or less tentative, but it 
is believed that, as they are based on a careful consideration 
of all the recent sources of information, they approach 
much nearer the truth than any previously published 
estimates, all of which referred to plant which must now be 
regarded as out of date. 

The costs in the table may be compared with the cost 
of production of nitric acid from Chili nitre by the retort 
process (p. 159). With nitre at the low price of £8 per ton, 
the cost of I ton HNO3 in the form of 97 per cent, acid is 
£i8-i4, and even with nitre at £5 per ton, which seems a 
somewhat remote possibility, the cost of nitric acid would 
be £13-8 per ton, which is higher than any figure stated 
above with the one exception of the acid made with ammonia 
produced in the discontinuous cyanamide process. Of 
course the figures for acid made from recovery ammonia 
at the usual market rates would be very much higher than 
any of the above, approaching about £23 per ton HNO3 
as 97 per cent, acid with recovery ammonia at £50 per ton. 
Even this figtire, high as it undoubtedly is, does not represent 
much more than the price of nitric acid made from nitre 
when the latter commands the price it undoubtedly will 
continue to do if not checked by competition. 

The figures also indicate the possibility of producing 
sodium nitrate, say by neutralizing the tower acid with 
Leblanc lyes, or with soda ash, at a price either less, or at 
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least equal to, that of Chili nitre. One may safely say that 
the latter product is on the way recently taken by natural 
indigo. 

The production of nitric acid from ammonia is therefore 
a process worthy of the most serious attention as a peace 
proposition, and as a war measure it is undoubtedly the best 
way for this country to become independent of overseas 
supplies of nitrates. Germany has produced a large propor- 
tion of the nitric acid for explosives by ammonia oxidation, 
and has erected the necessary plant during the war. It is 
more or less certain that this plant is not operating so 
efficiently as the most modern plant (fuU knowledge of 
which has come to hand from the research work carried out 
in England during the last year) undoubtedly would. 
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Section X.— UTILIZATION AND ECONOMY 
OF SULPHUKIC ACID 

Utilization of Sulphuric Acid.— There is scarcely a 
manufactured product known in the preparation of which, 
either of the raw materials or in the actual process of making 
the article, sulphuric acid does not play a part. Sulphuric 
acid may enter into the reactions in four ways^— 

(i) As an acid, i.e. in virtue of its replaceable hydrogen 
ions. 

(2) As a dehydrating agent. 

(3) In the preparation of sulphonic acids with organic 

compounds. 

(4) As an oxidizing agent. 

(i) As an acid, sulphuric acid is used in the preparation 
of other acids or of salts. Acids prepared by means of sul- 
phuric acid according to the general schemes — 

(i) MX+H2S04^MHS04+HX 
(ii) MHSOi+MX^MaSOi+HX 

are hydrochloric, nitric, phosphoric, tartaric, acetic, citric, 
oxalic, stearic, palmitic, and oleic acids, and sulphur and 
carbon dioxides. Simultaneously with the production of 
these acids, the salts MHSO4 and M2SO4 are formed. Since 
the sodium or calcium salts of the acids are generally taken, 
the sulphates of sodium or calcium remain. Sodium sul- 
phate and hydrochloric acid are, for example, simultaneously 
produced in the Saltcake process. Calcium sulphate is 
usually thrown away. 

Intermediate between these cases is the preparation of 
soluble " superphosphate of lime " from insoluble calcium 
phosphate — 

Ca3(P04)2+2H2S04=2CaS04-fCaH4(P04)2 
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The preparation of phosphoric acid from calcium phos- 
phate, and its subsequent reduction by carbon, is the basis 
of the older method of manufacturing phosphorus. 

The decomposition of the lime soaps of the fatty acids, 
stearic, palmitic, and oleic, obtained by the saponification 
of fats with lime (when glycerine is set free), is the process 
used in the manufacture of candles. 

Other sulphates, such as potassium, ammonium, iron, 
copper, barium and altuninium sulphates, and alum, are 
prepared for special purposes. The preparation of am- 
monium sulphate calls for a large proportion of the acid 
manufactured. 

The separation of copper and silver, and of silver and 
gold, by treatment of alloys with dilute and concentrated 
sulphuric acids, respectively, is utilized in metalliirgy. 

Another utilization of the replaceable hydrogen in sul- 
phuric acid is the preparation of hydrogen, by treating iron 
turnings with dilute sulphuric acid — 

Fe +H2SO4 =FeS04 +H2 

This method was formerly used in the preparation of 
hydrogen for balloons. 

Sulphuric acid is also used for cleaning the surface of 
iron sheets preparatory to tiiming ; the oxide is removed 
and the clean surface becomes coated evenly with tin when 
dipped in a bath of the molten metal. 

A peculiar property of the hydrogen ion, which is 
formed when stdphuric acid, like all other acids, is dissolved 
in water — 

HaSOi^tH'+HSO/ 
HS04'^H-+S04" 

is its powerful catalytic activity. Thus, if starch is boiled 
for some time with very dilute sulphuric acid, it takes up 
the elements of water, and is converted into invert sugar — 

CgHioOs +H2O =C6Hi206 

The sulphuric acid remains unchanged. A considerable 
amount of glucose is manufactured from starch in this way. 



264 ALKALI INDUSTRY 

and is used in making jams, in brewing, etc. It is very 
essential that sulphuric acid used in the preparation of 
foodstuffs should be free from arsenic ; acid made from 
sulphur ("brimstone acid") is usually preferred on this 
account, although ordinary acid from pyrites can be freed 
from arsenic by the methods already described. A serious 
outbreak of arsenical poisoning by beer in 1900 was traced 
to the glucose used in the fermentation, which had been 
made with arsenical sulphuric acid. Some specimens of 
the acid used then for the manufacture of glucose deposited 
crystals of arsenious oxide, AS2O3, in the carboys. No sul- 
phuric acid which has not been shown by analysis to be free 
from arsenic should be used in the preparation of foods. 

Another cataljrtic action of sulphuric acid is utilized in 
the manufacture of ether, although this reaction belongs 
also to the dehydrating actions of sulphuric acid (see section 
(2)). A mixture of sulphuric acid and alcohol is heated 
to 140° C, and alcohol run in continuously. A mixture of 
the vapours of ether, water, and some alcohol distils off, 
the sulphuric acid acting catalytically — 

(i) C2H50H+H2S04=C2H5HS04+H20 

(ii) C2H60H+C2H5HS04 = (C2H5)20+H2S04 

The two steps in this " catalytic action " can be 
separately realized and the " intermediate compound " 
(C2H5HSO4) isolated. 

If cellulose, in the form of paper, is treated with sul- 
phuric acid containing a little water, it is converted into a 
parchment-like material, called " parchment paper," which 
is used for covering the tops of jam-jars, and for wrapping 
butter and other moist or greasy materials. 

Connected with the hydrogen ion, produced when sul- 
phuric acid is dissolved in water, is the use of dilute sulphuric 
acid in voltaic cells, especially accumulators, for the genera- 
tion of electric currents. In the case of the accumulator, 
only the purest acid (from sulphur), especially free from 
iron, is used, and its density is controlled by a hydrometer. 
The hydrogen ion in the cells acts as a carrier of the positive 
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current, or, if we assume that only negative electricity 
exists in the free state as electrons, the hydrogen ion on 
receiving an electron, is converted into the hydrogen atom — 

H-j-e=H 

The reaction in the accumulator also involves the change 
of concentration of the sulphuric acid (see Partington, 
" Thermodynamics," p. 468). 

(2) Sulphuric acid finds considerable application as a 
dehydrating agent. Concentrated sulphuric acid readily 
absorbs moisture from the air or other gases, and is used for 
drying gases, such as chlorine which is to be converted into 
bleaching-powder, or the air which is used for burning pyrites 
in the Maimheim contact process for manufacturing SO3. 
When used for this purpose, the sulphuric acid is usually 
spread over pumice or coke in a tower. When mixed with 
water, sulphuric acid gives out a considerable quantity of 
heat ; according to Thomsen, when i gram-molecule of 
sulphuric acid (98 grams) is mixed with m gram-molecules 
of water, the following equation represents the number 
of gram-calories evolved : — 

17860m 



Q= 



1798 4-w 



The definite hydrates : SO32H2O, SO3.H2O, 2SO3.H2O, 
have been isolated in the pure state. 

Not only does concentrated sulphuric acid absorb water 
with avidity, but it is also capable of decomposing many 
organic compounds containing hydrogen and oxygen, 
from which it removes the elements of water and leaves a 
product rich in carbon — in many cases carbon itself. Thus, 
by the action of concentrated sulphuric acid on sugar, or 
other carbohydrates, a black mass of finely divided carbon 
is produced — 

CaHiaOe^eCH-eHgO 

This reaction is utilized in the manufacture of blacking — 
a mixture of treacle and concentrated sulphuric acid furnishes 
finely divided carbon ; oil is then added. 
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This destructive action is rather specific, and oils, for 
instance rape-oil, may be refined by shaking with strong 
sulphuric acid, when the mucilaginous constituents are 
charred and separated, and the oil is thus clarified. Hydro- 
carbon oils such as petroleum, are refined in the same way, 
and considerable amounts of sulphuric acid are used in 
petroleum refining. 

The dehydrating action of sulphuric acid on alcohol 
has already been mentioned in connection with ether. 
In this case, the cataljrtic activity of the acid is also im- 
portant. In the preparation of esters from mixtures of 
alcohols and organic acids, such as ethyl acetate or amyl 
acetate — 

C2H5OH +CH3COOH$CH3COOC2H5 +H2O 
the reaction is carried out in the presence of sulphuric acid, 
which serves the double purpose of removing the water 
produced (which would tend to stop the reaction by its 
mass, leading to equilibrium), and also accelerating the 
reaction catalytically. 

Important esterification reactions are the preparation 
of the ester of glycerine and nitric acid — " Nitroglycerine," 
as it is incorrectly called, or glyceryl trinitrate, and of the 
nitro-celluloses, used for collodion, or gun cotton, which 
are made by treating glycerine, or cellulose, respectively, 
with a mixture of nitric and sulphuric acids. 

A most important series of reactions in which sulphuric 
acid acts as a dehydrating agent is found in the so-called 
nitration of organic compounds. In this reaction, which 
occurs when aromatic hydrocarbons or their derivatives 
are treated with a mixture of nitric and sulphuric acids, 
a hydrogen atom is replaced by the nitro- group. Thus, 
with benzene, nitrobenzene is produced, which by reduction 
gives aniline, C6H5NH2. 

Toluene gives, as a final stage, trinitroluene, used as an 
explosive, under the name of " T.N.T." 

Phenol on nitration gives trinitrophenol, or picric 
acid, C8H2(OH)(N02)3, also largely used as an explosive 
under the name of lyddite, or melinite. 
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Various other organic nitro-compounds are used, either 
as dyes or explosives. 

(3) Sulphuric acid acts on aromatic hydrocarbons, or 
some of their derivatives, in such a way that an atom of 
hydrogen is replaced by the group SO3H, with production 
of a sulphonic acid. Thus, benzene, when heated with con- 
centrated sulphuric acid is converted into benzenesulphonic 
acid — 

CgHe +H2SO4 =C6H6S03H +H2O 

If this is converted into the sodium salt, and the sodium 
benzene-svdphonate fused with caustic soda, sodium phenate 
is produced, which when treated with acids (even CO 2), 
forms phenol — 

CaHsSOgNa +2NaOH =C9HB0Na +Na2S03 +H2O 

Other sulphonic acids are used in the preparation of dyes. 

(4) Sulphuric acid under certain conditions may fimction 
as an oxidizing agent. Thus, when naphthalene is heated 
with fuming sulphuric acid, in the presence of mercury 
as a catalyst, it is oxidized to phthalic anhydride, which is 
the starting-point in a method for the sjmthesis of indigo — 

\y\/ \/\co/ 

Indigo itself is soluble in concentrated sulphuric acid, 
with the production of a deep blue compound, indigo- 
sulphuric acid, which is soluble in water. 

It is evident from the foregoing summary to what a 
multitude of uses sulphuric acid may be applied. There 
are in addition a number of minor uses, but the bulk of the 
acid of commerce is absorbed in the main industries just 
outlined, of course in different proportions. The super- 
phosphate industry takes about 35 per cent, of the total 
acid produced in Great Britain and Germany in normal 
conditions (and 70 per cent, in America) . Rather more than 
this is used in the manufacture of ammonium svdphate. 
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Next in importance are the nitration processes, and the 
production of nitroglycerine, guncotton, and explosives ; 
the salt-cake process ; cleaning iron sheet for tinning, and 
making alum and sulphates ; the manufacture of nitric 
acid ; and the refining of petroleum. The other uses, 
the preparation of ether, phosphorus, sulphonic acids and 
dyes, for accumulators, glucose, etc., come next in import- 
ance. 

Economy op Sulphuric Acid. 

In a state of war, the uses of sulphuric acid must be 
restricted as far as possible to those immediately concerned 
with the manufacture of munitions, viz. explosives, such 
as nitro-glycerine, guncotton, picric acid, T.N.T., etc. For 
this purpose, not only is sulphuric acid required as such, 
in the nitration processes, and the preparation of phenol 
(which also requires caustic soda), but also in the prepara- 
tion of nitric acid, where the latter is made (as it is at present 
exclusively in this country) from nitre by the retort process. 
A state of war, therefore, requires a strict economy in the 
use of sulphuric acid. This implies restriction in all non- 
essential uses, and economy in — 

(i) The use of sulphuric acid in the preparation of 
nitric acid. By the oxidation process (Section IX) 
nitric acid can be made from ammonia without 
the use of sulphuric acid at all. 

(2) The use of sulphuric acid in nitration (" Mixed 
acid "). 

It has already been mentioned that the imports of pyrites 
put a heavy demand on shipping, and attempts have been 
made to revive the use of British pyrites (see p. 18). Ger- 
many has probably also felt the shortage of pyrites. The 
roasting of zinc, copper, and lead ores could supply a con- 
siderable amount of sulphur dioxide, and it is even possible 
that some sulphuric acid in Germany has been made from 
gypsum (p. 48 ; Chem. Trade J own., Nov. 27, 1915), although 
there should have been a sufficient supply of sulphide ores 
to overcome the curtailed supply of pyrites. 



UTILIZATION OF SULPHURIC ACID 269 

A considerable economy of sulphuric acid has been effected 
by the utilization of nitre-cake, or acid sodium sulphate, 
NaHS04, for various processes requiring sulphuric acid. 
An account of these uses has been given on p. 160. 



Section XI.— THE POTASH INDUSTRY 

Potassium Salts. — It has been stated in connection with 
the history of the Soda Industry that the use of potassium 
salts, such as the carbonate and caustic potash, was largely 
superseded by the utilization of the corresponding sodium 
compounds when the latter could be prepared from common 
salt by the Leblanc process. There are a large number of 
cases in which the two elements are interchangeable. This 
indifEerence occurs when it is only the negative radical of the 
salt which is the important constitueht, as is the case, for 
instance, when an alkali is required, and the hydroxyl ion is 
just as effective when paired off with the potassium ion as 
with the sodium ion ; or the oxidizing effect of the chlorate 
ion, which is manifested equally whether it is present as 
sodium or as potassium chlorate. Even in the latter case 
it has been found that the sodium salt is usually preferable 
on account of its greater solubility, and the possibility this 
gives of obtaining the chlorate ion in greater concentrations 
and hence more powerful oxidizing capacity. But this is 
only quite a secondary consideration, and if rubidium chlorate, 
for instance, were found to be more soluble than potassium 
chlorate, and if rubidium were a common element, then 
rubidium chlorate could be just as usefully substituted for 
potassium chlorate as is the sodium salt in actual practice. 
In the laboratory it is usually a matter of indifference whether 
a solution of potassium or sodium hydroxide is used, because 
the active substance is generally the hydroxyl ion common to 
both, and on a large scale even lime is often used as an 
alkaline reagent, i.e. as a source of hydroxyl ions, although 
its smaller solubility and the insolubility of the salts produced 
in many cases must be set off against its cheapness. 
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When it is the cation, or metallic radical, which is the 
active agent, all these considerations are no longer valid and 
the salts of potassium and sodium are no longer interchange- 
able. One of the most important of these cases is that of 
plant nutrition. It has been shown by direct experiment 
that, under otherwise identical conditions, plants can grow 
in solutions or soils quite free from sodium salts, but are 
unable to develop in the absence of salts of potassium 
(Hellriegel and Wilfarth). The soil has the property of 
retaining potassium salts by absorption and chemical 
interaction (Way, 1850), whereas sodium salts percolate 
through. An equivalent of the calcium ion is set free when 
the potassium ion is retained. The absorptive power is 
greatest in soils rich in humus and clay, and appears to be 
effected chiefly by interaction with the complex zeoUte 
silicates, the calcium, magnesium, and sodium bases in the 
latter being exchanged for potassium. Some insoluble 
potassium humate is also precipitated, and calcium stdphate 
or chloride passes into solution. In this way the very small 
amounts of potassium compovmds in the water of rivers, 
lakes, and seas, in which sodium compounds are invariably 
present in relatively large amounts, becomes clear. As 
successive crops are taken off the soil, the potassium salts 
in the latter are impoverished, and a time comes when 
the soil is rendered so poor in potash that it becomes useless 
for purposes of agriculture. Dyer in 1894 concluded that 
this limit is reached when the soluble potash in the soil, 
i.e. soluble in a one per cent, solution of citric acid and 
therefore likely to be assimilable by plants, falls below 
0"0i per cent. Smetham estimates the mean available 
potash contents of the soils of the United Kingdom as 0'0i5 
per cent., and concludes that most of these soils contain 
a reserve of potash large enough to enable their cultivation 
to be carried on in spite of the stoppage of the supplies of 
potash from Stassfurt, until other sources become available. 
In 1900 no less than 3,000,000 tons of potash salts were 
produced at Stassfurt, of which 1,158,000 tons were used for 
agricultural purposes in various countries. In 1913 potash 
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salts equivalent to 1,110,000 tons K2O were produced, of 
which half were exported, 32,000 tons K2O coming to the 
United Kingdom. The cultivation of the sugar beet in 
particular requires much potash. 

Since we have seen that plants require potassium salts 
for their growth, and derive these from the soil, serving in 
their turn as the food of animals, it is clear that there must 
be a distribution of potassium throughout the three king- 
doms of Nature, and in some cases its amount will have 
accumulated to such an extent as to form a source from 
which supplies of the element can profitably be obtained. 
The chief natural sources of potassium salts are : — 
I. The Sea. — Sea water contains on an average 0*5 to 
07 gram of potassium per litre. 

Composition of Sea Water according to Regnault. 

Total solids 
Composition of solids : 

Sodium chloride 

Potassium chloride 

Magnesium chloride 

Magnesium bromide 

Magnesium sulphate 

Calcium sulphate 

Calcium bicarbonate 



These potassium salts are recovered from sea water in 
two ways : — 

(i) As a by-product from the manufacture of "solar 
salt " (cf. Section I), i cubic metre of sea water 5delds 
about 64 litres of mother liquor after separation of the 
common salt, which is worked up as described under " Salt," 
and yields potassium in the form of carnallite, KCl.MgCl2. 
6H2O, from which KCl could be recovered as described under 
the Stassfurt Industry. For every ton of common salt 
separated there would be about 75 lbs. KCl in the mother- 
liquors. Under the severe competition of Stassfurt the 
economic recovery of this by no means inconsiderable 
quantity of potash was financially impossible, but newer 
conditions may alter the case in countries where much solar 
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salt is produced, and where no other sources of potash 
exist ; in Italy, for instance, these salinas or mother liquors 
are estimated to supply all the potassium required. 

(ii) Sea plants (" seaweeds ") absorb potassium salts from 
the sea water, and when they are burned this is left in the 
ash. The ash of seaweeds, called kelp, was once in fact a 
very important source of potassium salts, and may again 
become so, as will be explained later on. 

2. Minerals. — The crust of the earth contains 24 per 
cent. K2O as silicates in the form of primitive rocks, 
e-g-— 

Orthoclase, or potash felspar : Al203.K20.6Si02. 
Muscovite, or potash mica : 3Al203.K20.4Si02. 
Leucite : Al203.K20.4Si02. 
Apophyllite (and other zeolites), 4(Ca0.2Si02.H20).KF. 

By " weathering," i.e. by the combined action of water and 
carbon dioxide or carbonic acid, especially when assisted 
by the pulverizing action of frost in causing occluded water 
to solidify and break up the rock by its expansion, these 
silicates are slowly decomposed and give up soluble potash, 
which is retained by the soil and passes into plants. It has 
not yet been found possible economically to extract potash 
from such rocks, although attempts have repeatedly been 
made. Other mineral sources are the deposits of nitre, 
KNO3, in India, which we have already referred to as 
a source of nitric acid (p. 137) and which has been utilized 
during the war; potassium sulphate in "alum rock," 
or alaunite, 3AI2SO6.K2SO4.QH2O, which is formed in 
trachyte, or other rocks which have been subjected to the 
action of volcanic sulphur dioxide. The most important 
deposits of potassium salts are, however, those in Stassfurt, 
in Alsace, and in the north of vSpain. • 

3. Vegetable and Animal Sources. — ^Wood and plant ashes ; 
vinasse cinder ; suint. 

The Kelp Industry and Iodine. — At first the kelp- 
buming industry, carried out for centuries on the coasts of 
Scotland, Ireland, Normandy, and Spain, was chiefly directed 
B. 18 
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to the preparation of alkalies. With the discovery of the 
Iveblanc process this demand declined, and the kelp industry 
has only been maintained by the recovery of iodine, which 
also occurs- in most seaweeds (not, however, in salsola, from 
which barilla was prepared). The iodine industry was 
started early in the nineteenth century in Glasgow, by Dr. 
Ure, and is now of considerable importance there, although 
only three works are in operation. Recently nine or ten 
works have been established in Norway, and several are 
scattered throughout Japan. The Canadian Potash and 
Algin Co., Sydney, British Columbia, proposes to extract 
potash and iodine from seaweed on the Pacific coasts. In 
Scotland only drift-weeds are used ; especially the Laminaria 
digitata and L. stenophylla — the " red wracks," which are 
entirely submerged by the tide, but are torn up by storms 
and cast ashore. Only these two (which contain about half 
a per cent, of iodine) are worth burning. In Japan other 
kinds are used in addition, and this country is now able to 
export large quantities of iodine, besides producing potash 
salts for home consumption. In kelp-burning the weeds 
are burnt in pits, and should yield a loose ash containing 
23-30 lbs. of iodine per ton ; actually 12 lbs. is the average, 
since the calcination, carried on by crofters and small 
farmers, may be done at too high a temperature, producing 
a fused slag, or else the iodides are allowed to be washed out 
of the weed by rain. The kelp is lixiviated in rectangular 
iron vats with a perforated bottom, heated by steam. The 
solution is evaporated in iron pans and the salts fished out ; 
these are called plate sulphate, and consist of impure potassium 
sulphate. On cooling the liquor concentrated to 62° Tw. 
potassium chloride separates of 90 per cent, purity. 
Formerly 2500-3000 tons of this salt were produced per 
annum, but the production was practically given up owing 
to the competition of Stassfurt, and the crude potassium 
salts are used as fertilizers. On further evaporation crude 
sodium chloride, called kelp salt, separates. The mother- 
liquor contains the iodine as potassium iodide. It is mixed 
with sulphuric acid, allowed to settle, and strained off into 
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the stills, consisting of iron pots with dome-shaped lead 
covers communicating with trains of earthenware receivers 
called Udells. Manganese dioxide is added and the iodine 
distilled off. The iodine is purified by resublimation in 
porcelain pans. If more manganese dioxide is added, bromine 
is evolved, but usually the residual liquor is thrown away. 
This old process is exclusively used in this country, the 
processes of Stanford (1863), established in the Outer 
Hebrides, being no longer worked. In the Char process of 
Stanford the sun-dried weed was charred slowly in iron 
retorts at a low temperature, when acetic acid, tar, and 
ammonia, were to be recovered. In practice only an 
evil-smelling tarry water was obtained. In the Wet process, 
the weed was boiled with a solution of sodium carbonate 
and filtered. Fairly pure cellulose, amounting to 15 per 
cent, of the weed and called algulose, was left, which it was 
suggested could be used for making paper, and on acidifying 
the filtrate with sulphuric acid a peculiar colloidal substance 
called algin was precipitated, which was to be used for making 
jellies, sizing fabrics, and as a glue. The filtrate containing 
the iodides was evaporated down and neutralized with 
limestone, filtered, and the filtrate distilled with sulphuric 
acid and manganese dioxide. Stanford's processes are no 
longer used, apparently owing to the difficulty of obtaining 
a regular supply of weeds under the present system of col- 
lection, the failure of the tar in the char process, and the 
insufficient demand for algin products. 

In France the liquors from kelp are worked up differently. 
They are treated with hydrochloric acid and saturated with 
chlorine. The iodine is precipitated, and is filtered off, 
washed, and resubUmed in earthenware retorts and receivers. 
If the residual liquor is evaporated down and distilled with 
manganese dioxide and sulphuric acid, bromine is obtained. 
The process has fallen off in recent years owing to com- 
petition from the Chilian and Stassfurt sources. In Russia, 
iodine is now being made to some extent from the Black 
Sea algae at Ekaterinoslav. In the caliche or crude sodium 
nitrate deposits of Chili iodine occurs in the form of sodium 
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iodate, NalOg, to the extent of o-oi-o-i5 per cent. The 
mother liquor contains about 22 per cent, of NalOg, and is 
run into lead-Hned vats, where it is treated with dilute sul- 
phuric acid and a solution of sodium bisulphite, NaHSOg — 

I205+5S02=I2+5S03 

The liberated iodine at first reacts with the excess of 
sulphurous acid, and only when this is used up does the 
iodine appear — 

I2+H2O+H2SO3 =2HI +H2SO4 

Hi03+5HI=3H20+3l2 

The iodine is formed as a precipitate which, if filtered ofE, 
washed, and pressed into blocks, contains 80 per cent, 
iodine. 

The problem of obtaining potash salts from seaweed has 
again come to the front, especially in America, where diffi- 
culties with the Stassfurt monopoly arose in 1910. The 
seaweeds of the Pacific coast contain about 3 per cent. K2O 
on the dry weed, and are therefore richer than the Scotch 
weeds, although the latter contain more iodine. It was 
proposed to collect the weed by dredgers and burn it scien- 
tifically after drying by steam, but the process does not 
appear yet to be used on a large scale, although much work 
has been done by' the United States Government on the 
subject. 

Wood and Plant Ashes. — Wood ashes may contain 
from 2"5 to 12 per cent. K2O together with lime, magnesia, 
and phosphoric acid. Potash salts predominate in the twigs 
and leaves ; the solid wood contains much less. If much 
silica is present, as in straw, sugar-cane, and grasses, the ash 
contains chiefly potassium silicate, which is not utUizable, 
but the chief product otherwise is potassium carbonate. 
The manufacture of potassium carbonate from this source 
is carried on chiefly in Russia, where there were eleven 
factories in 1906 (the factories in the Caucasus produced 
100,000 tons of 90 per cent. K2CO3 annually from sunflower 
stems) , in Transylvania, lUyria, Canada, and the United States. 
The average annual production of wood per acre in temperate 
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climates is i*i tons, of which i per cent, is ash containing 
5 per cent. K2O. This amounts to a yearly production of 
only 1-25 lbs. KgO per acre. Since the discovery of the 
Stassfurt deposits the industry has decUned ; at present the 
potash derived from wood (excluding plants) does not amount 
to more than 10,000-15,000 tons per annum. In 1873 about 
20,000 tons were produced. The process adopted is very 
primitive : the wood is burnt in large pits, the ashes sprinkled 
with water, worked up, and lixiviated in casks with false 
bottoms, the liquor being run off at a density of 32° Tw. 
and boiled in large cast-iron cauldrons to dryness. The 
residue is heated to redness, and forms potashes. This is 
sorted, and a part is refined by redissolving, evaporating 
and calcining, and forms peariashes, used in the manufacttire 
of flint glass after a further refining by calcining with sawdust, 
lixiviating and recalcining. Other vegetable sources are 
cottonseed-hull ash (10-40 per cent. K2O, formerly used 
for tobacco-crop top-dressing in the Connecticut Valley), 
weeds such as wormwood, marigold and tansy, and the ashes 
of Indian corn cobs (50 per cent. K2O), and tobacco stems 
(6 per cent. K2O). A commission in Italy is investigating 
the extraction of potash from the press-cake from olive oil 
making. 

Vinasse or Schlempe (Beet-sugar Molasses). — 
Dubrunfaut in 1830 pointed out that beet-sugar molasses, 
which is unsuitable for food, is rich in potash. The manu- 
facture of potash from this source was however not begun 
till 1850 in France, Belgium, and Germany. The process 
is still used in France, and in Germany 15,000 tons of KCl 
were made in this way in 1883, but lately the German practice 
has been to extract the siigar from the molasses by the 
osmose or strontia processes, and the potash in the mother 
liquors is put back directly to the soU. In the French 
process, the molasses, called vinasse {schlempe in Germany), 
is neutralized with hme and evaporated in a special type 
of furnace called a Porion furnace, in which it is splashed 
in the fire gases by revolving paddles until it becomes thick. 
The syrup is then put oa the hearth of a reverberatory 
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furnace, where it is allowed to catch fire and burn to a coke, 
called vinasse cinder, containing 30-35 per cent. K2CO3, 
18-20 per cent. NagCOa, 18-22 per cent. KCl, etc. This is 
lixiviated. A preliminary evaporation in triple-effect vacuum 
pans has been used since 1896. 

In the Vincent process, used only at Courriferes, the vinasse 
is distilled in an iron retort, when trimethylamine and methyl 
chloride are obtained. By passing trimethylamine through 
a red-hot tube, hydrocyanic acid is produced, which is ab- 
sorbed in soda to produce sodium cyanide (Dessau process). 

In the Effront process, formerly used at Nesles on the 
Somme, the vinasse was fermented, when acetone, alcohol, 
ammonium Salts and other products were obtained. 

Suint. — Suint is an animal source of potash, being a 
potassium" soap of. sudoric acid present in raw wool. From 
wool washings about 150 tons of potash per annum are ex- 
tracted by the firm of Maumene and Rogelet at Rheims and 
Roubaix, the brown liquor being evaporated and calcined. 
The wool imported into the United Kingdom annually would 
yield 300 tons of potash, all of which is lost in streams ; 100 
parts of raw wool yield 5 parts of potassium carbonate. 

Mineral Sources. — The richest mineral sources of 
potassium salts are — 

(i) The Stassfurt Deposits (1839). 

(2) The Alsatian Deposits (1904). 

(3) The Spanish Deposits (191 5). 

(4) Felspar. 

The Stassfurt Deposits. — There have been salt works 
at Stassfurt for a long period ; formerly they belonged to 
the Duke of Anhalt, but were sold to the Prussian " Fiskus " 
in 1796. In 1830-40 common salt was found by boring 
south of the Harz mountains, in the Thuringian basin, and 
rich brines discovered, with which the weaker Stassfurt 
brines could not compete, the latter works closing down in 
i860. On April 3, 1839, ^ boring was begun at Stassfurt, 
and in 1843 at a depth of 265 metres the upper covering 
of salts was reached, and the boring was continued for 325 
metres without reaching the bottom. The brine was bitter. 
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and contained KCl and MgCl2. Dr. Karsten and Prof. 
Marchand concluded, however, that pure salt would be 
foimd at greater depths, and m 1852 the sinking of two 
shafts was begun. After five years' perseverance, pure salt 
was struck in immense quantities at a depth of 330 metres, 
in reaching which a depth of 250-280 metres of potassium 
salts was penetrated. Similar deposits were found at New 
Stassfurt, I^oderburg, and Douglashall, and a great number 
of borings made. The ultimate success of this enterprise, 
carried on through years of disappointment, is one of the 
triumphs of geological science, and offers a salutary lesson 
to the business man. The Stassfurt Potash industry is now 
a German Government monopoly. 

Mode of Distribution of Stassfurt Deposits. — These de- 
posits are not confined to any particular geological formation, 
but occur from the Permian to the Tertiary, although the Stass- 
furt deposits underlie the " Bunter " sandstone of the Triassic 
period. The arrangement of the deposits is as follows : — 

Top. 
Alluvial and Diluvial deposits. 
(600-800 ft. thick) " Bunter " sandstone — Triassic. 
Gjrpsum, anhydrite, red clay, etc. 
Newer common salt (later formation, often lacking). 
Anhydrite (CaSO,). 

" Salzthon " (three layers, bottom : CaSO,; middle: 
MgO+AljOa; top: clay containing 40 per cent. 
MgCO,), protecting lower deposits. 
(50-130 ft. thick) Camallite region. 

Kieserite region — '' Abraum " salts (i.e. above common 

salt). 
Polyhalite region. 
(2000 ft.) Older Common Salt. 

Anhydrite. 

Bituminous Sandstone. 
Bottom. 

These deposits form part of an enormous salt basin in 
the North German plain, which has been tapped in other 
places {e.g. at Sperenberg, near Berlin). They were probably 
not deposited by the normal evaporation of sea- water, because 
of their great thickness, but by the evaporation of an inland 
lake between ranges of mountains and connected with the 
sea by a bar, over which autumn gales carried sea-water in 
quantities insufficient to replace the evaporation. Gypsum 
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was first deposited, but was converted into anhydrite by the 
action of the concentrated brine (Hoppe-Seyler, 1886), then 
salt, followed by mixtures of NaCl and Epsom salt, MgSOi. 
7H2O, forming the polyhalite region, and finally camallite. 
A geological upheaval then occurred, covering up and pro- 
tecting the deposits with a layer of mud, and allowing the 
mother-liquors to run off. From a consideration of the 
thin layers of anhydrite in the salt beds of Stassfurt, supposed 
to represent yearly deposits of gypsum, Precht (1889) esti- 
mated the period of formation at 10,000-13,000 years. 

It is significant that extensive deposits of potassium salts 
have, almost without exception, been discovered sooner or 
later in the vicinity of deposits of common salt. This is 
easily understood when the origin of these salts, viz.. the 
evaporation of sea-water, is kept in mind. Thus, the salt 
deposits of Stassfurt and of Spain are accompanied by 
carnallite. Is there a similar accumulation of potash lying 
beneath the Cheshire salt beds, or somewhere in their 
vicinity, which only awaits discovery to solve the urgent 
problem of potash supplies ? It is at least certain that the 
geological conditions of Stassfurt and of Cheshire exhibit 
many analogies, and the question is one which seems worthy 
of attention. 

The Stassfurt Potash Industry. — ^The raw material 
is crude carnallite, KCl.MgCl2.6H2O (the kainite, K2SO4. 
MgS04.6H20, is not much worked). This, when treated 
with water, breaks down to a paste of finely divided KCl 
and a mother-liquor containing MgCl2 with but little KCl. 
On heating, the KCl dissolves, and is redeposited on cooling in 
larger crystals, which are pure as long as the ratio MgCl2/KCl 
does not exceed 3. In practice the crushed carnallite is 
treated with waste liquors ; on cooling 80 per cent, of the 
KCl is deposited. The mother-liquor on evaporation and 
cooling then yields a crop of carnallite, which is treated again. 
To avoid dissolving other salts {e.g. NaCl, MgS04.H20), 
the first treatment is carried out as rapidly as possible in 
dissolvers of cast iron, each provided with a conical bottom 
in which is a conical gauze sieve, through which steam is 
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admitted. The capacity of a dissolver is 350 cu. ft., 50 tons 
of mineral being worked up in 24 hours. The liquor is 
clarified by settling, and adding a little Ume, and is drawn 
off by a siphon. The residue is leached and is then used for 
filling up old workings to prevent subsidence. The solution 
is run into wrought-iron crystallizing tanks, 7 ft. by 8 ft. by 
4 ft. ; after cooling slowly — two to three days — the mother- 
liquor, which contains one-fifth of the KCl, is separated 
from the KCl crystals by drawing it off through a plug. The 
crystals are washed with cold, or in winter tepid, water 
and centrifuged. The mother-liquor is further evaporated in 
boilers, then in vacuum pans, or in pans heated by a central 
flue. The KCl is heated in an iron drum with revolving arms 
carrying ploughshares, crushing rollers, and discharging 
scrapers, or else in Thelen pans. Crust formation cannot 
be avoided. 

The manufacture of KCl from sylvine (KCl) is very simple ; 
the salt is recrystallized. 

Van 't Hoff' s Researches on the Stassfurt Deposits. 
— In the extensive researches of Van 't Hoff and his pupils 
on the Stassfurt deposits, the solubilities, vapour pressures, 
etc., of the following systems were investigated : — 

(i) KCl+MgCl2 in («) pure water, and (6) saturated 
NaCl solution. 

(2) KCl+MgCl2+K2S04 in the same solvents. 

Case (i) (a). — KCl and MgCl2 in aqueous solution. 

Below -12° KCl and MgCl2.8H20 or MgCl2.i2H20 
separate. Above 167-5° KCl and MgCl2.4H20 or MgCl2.2H20 
separate. Between the temperature limits —12° and i67'5° 
camallite, KCl.MgCl2.6H2O, may exist as a soUd phase in 
contact with the solution, and for each intermediate tempera- 
ture there is a certain range of compositions of solutions 
from which this double salt alone separates. Thus : — 

At 25° carnallite separates from a solution — 

iooH20-fo-2KCl+{9-9-io-5)MgCl2 
At 100° carnallite separates from a solution — 
iooH20H-o-4KCl+(io-8-i4-2)MgCl2 
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If carnallite is treated with pure water it breaks up into 
solid KCl and a solution containing KCl and MgCl2, and if it 
is treated with solutions containing varying amounts of KCl 
and MgCl2 the decomposition proceeds to difierent extents ; 
at each temperature there are solutions with definite ranges 
of magnesium chloride content with which carnallite exists 
unchanged. Thus at 25°, as we have seen, the solutions are — 

iooH20+o-2KCl+(9-9-io-5)MgCl2 

With pure water at 25° carnallite deposits 98 per cent, of 
its KCl and leaves the solution of the above composition — 

KCl.MgCl2.6H2O +4H2O 

=o-98KCl+o-i(iooH20+o-2KCl+9-9MgC]2) 

On evaporation of the mother-liquor, carnaUite alone 
separates until the solution has passed from the composition 
of the limiting solution iooH20+0"2KCl+9'9MgCl2 to the 
composition of the other limiting solution iooH20+0"2KCl+ 
lO'SMgClg, at which point magnesium chloride separates 
along with the carnallite. 

If to the solution containing magnesium and potassium 
chlorides obtained by the action of water on carnallite more 
magnesium chloride is added, then potassium chloride 
separates, and with sufficient magnesium chloride the separa- 
tion is nearly quantitative. 

Outside the temperature limits —12" and i67"5° other 
reactions occur. Thus if carnallite alone is heated to i67'5° 
it breaks up with deposition of 75 per cent, of its KCl as 
follows : — 

KCl.MgCl2.6H20=075KCl+(MgCl2+o-25KCl+6H20) 

On cooling the liquid MgCl2+o-25KCl+6H20 to 116° 
it deposits solid carnallite and leaves the liquid MgCl2+ 
0'25KCl+6-i8H20. In this way there are obtained in one 
operation from solid carnallite — 

75 per cent, of KCl. 

75 per cent, of fused MgCl2.6H20 containing only i per 
cent. KCl. 

25 per cent, of unaltered carnallite. 
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If the operation is repeated with the unaltered camallite, 
only 25x0-25 =6-25 per cent, of the carnallite is left un- 
changed. 

From a mixture of carnallite and MgCl2.4H20 at I52'5° 
there is obtained solid KCl and the liquid MgCl2+oi2KCl+ 
5H2O. If therefore carnallite is first heated to drive off one 
molecule of water, and is then heated to I52*5°, the reaction 

2(MgCl2.KC1.6H20) =MgCl2.KC1.6H20 +MgCl2.KC1.4H20 
=o-88KCl+(MgCl2+o-i2Ka+5H20) 

occurs. If now the liquid is mixed with one molecule of 
water and cooled to 116°, practically all the KCl is deposited 
as carnallite and fused magnesium chloride is left. If these 
two operations are carried out one therefore obtains 88 per 
cent. KCl, 88 per cent, fused magnesium chloride, and 
12 per cent, unchanged carnallite. By repeating the opera- 
tions with this carnallite, only 12 xoi2==i'44 per cent, 
remains unchanged. 

The behaviour when potassium sulphate is present is 
more complicated. On evaporation of a solution containing 
the three salts : KCl, MgCl2, and K2SO4, those salts (in- 
cluding double salts) separate first with respect to which 
the solution first becomes saturated. Thus at 25°, 
MgS04.7H20, when no excess of MgCl2 or K2SO4 is present. 
By further evaporation the deposition of this salt continues 
until saturation with a second salt is reached, the ratio of 
K2SO4 and MgCl2 in the solution of course remaining constant 
whilst MgS04.7H20 is separating. The second salt to be 
deposited is the double salt schonite, K2SO4.MgSO4.6H2O. 
As soon as a second soUd phase separates, one of two things 
may happen : — 

(i) The solution may go on depositing the two salts till 
it is completely evaporated, e.g. when MgS04.7H20 and 
schonite separate together ; 

(ii) The separation of the second salt involves the dis- 
appearance of the first salt in contact with the solution, 
e.g. when K2SO4 separates after schonite, or MgS04.7H20 
after MgSOi.eHjO. 
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A solution of equimolecular amounts of K2SO4 and MgCl2 
when evaporated at 25°, and the solids separating removed 
from the solution, deposits the following salts in order : — 

K2SO4 and schonite ; 

KCl and schonite ; 

KCl and MgS04.7H20 ; 

KCl and MgSOi.eHaO ; 

MgS04.6H20 and carnallite ; 

MgS04.6H20, carnallite, and bischoffite (MgCl2.6H20). 

The behaviour of the solutions of the four salts -KCl, 
K2SO4, MgCl2, and MgSOi saturated in addition with 
common salt, which may be regarded as approaching the 
conditions obtaining during the formation of the Stassfurt 
deposits, is necessarily very complicated. At 25° oil evapora- 
tion the following salts separate in order : — 

NaCl; 

KCl; 

Carnallite, KCl.MgCl2.6H2O ; 

Bischoffite, MgCla-eHgO ; 

Magnesium sulphate hexahydrate, MgS04.6H20 ; 

Epsom salt, MgS04.7H20 ; 

Schonite, MgSO4.K2SO4.6H2O ; , 

Glaserite, K3Na(S04)2 ; 

Magnesium sulphate pentahydrate, MgS04.5H20 ; 

Magnesium sulphate tetrahydrate, MgS04.4H20 ; 

Thenardite, Na2S04 ; 

Astrachanite, Na2SO4.MgSO4.4H2O. 

The salts Na2S04.ioH20 (Glauber salt), and MgS04. 
Na2S04.2H20 (loweit), were only formed below and above 
25° respectively. 

The actual behaviour of sea water on evaporation is 
complicated by the presence of calcium salts and borates ; 
the influence of these substances was also studied by Van 't 
Hoff, but for further details the original memoirs must be 
consulted. The whole series of researches is based on the 
Phase Rule, which proved a valuable guide in the laboratory. 
How far such researches could have been carried by a chemist 
unacquainted with the phase rule, and having no guide to 
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the apparently chaotic results obtained on evaporatii^ mixed 
salt solutions, it is hard to say. The very meagre results 
obtained before the problem was taken up by Van 't Hoff 
would lead one to suppose that little progress could have 
been made by the older methods of technical investigation, 
in which the results and guiding principles of modem physical 
chemistry had no place. 

The average composition of the Stassfurt deposits, 
according to Bischoff, is as follows :— 



Rock salt 


. 85'i 


Sodium chloride . . . 


. 851 


Anhydrite 


• 37 


Potassium chloride . . . 


• 17 


Polyhalite 


. 0-8 


Potassium sulphate . . . 


. 0-2 


Kieserite 


• 3'3 


Magnesium chloride . . . 


. 2-6 


Carnallite 


. 6-2 


Magnesium sulphate 


• 31 


Magnesium chJoride . 


. 09 


Calcium sulphate . . . 


• 40 






Combined water . . . 


• 3-3 



The amotmts of sodium chloride and calcium sulphate 
as given are probably too low. 

By-products of the Stassfurt Industry.— i. Kieserite, 
MgSO^.HaO, is used for making Epsom salts, MgS04.7H20. 
It is recrystallized from water. 

2. Glauber's salt, Na2S04.ioH20, is made to the extent 
of 10,000 tons per annum by Scheele's process (1787) — 

2NaCl+MgS04+ioH20=MgCl2+Na2S04.ioH20 

Crystallization is carried out below 0°, in the Rhone district 
by artificial cold, in Stassfurt during the winter months, in 
large wooden vats. 

3. Magnesium chloride, MgCl2. The final mother-Uquors 
are evaporated to a boiling point of 157°, and on cooling 
yield a white translucent mass containing about 50 per cent. 
MgCl2, which corresponds nearly with the hydrate MgCl2. 
6H2O. About 12,000-16,000 tons are made annually for 
use as a thread lubricant in cotton spinning, in cahco weaving, 
for cements, and for the preparation of magnesia for re- 
fractories and other purposes (see under Magnesium) . 

4. Boric acid, H3BO3. About 300 tons are made 
annually from the mineral Boracite, 2Mg3B80i6.MgCl2, 
occurring in the Stassfurt deposits. 

5. Potash manures. The crude potassium chloride and 
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sulphate are used directly on the land for manure, especially 
in the cultivation of sugar beet, which takes up much potash 
from the soil (see under Vinasse). 

6. Bromine is made from the final mother-liquors after 
the magnesium chloride has been separated. These contain 
magnesium bromide, MgBr2. They are allowed to trickle 




Fig. 63. — Bromine Apparatus. 

down a tower filled with earthenware balls (Fig. 63) into a 
tank provided with shelves to promote circulation and 
heated with steam, whilst a current of chlorine gas is passed 
in the opposite direction, and meets the liquid coming down 
the tower. Bromine is set free in the form of vapour — 

MgBrg +CI2 =MgCl2 +Br 2 

The bromine vapour passes out at the top of the tower, 
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and is condensed in a cooling worm, the last traces being 
kept back by moist iron turnings in a small tower. The 
bromide of iron formed in this tower is used to make 
potassium bromide. 

Some bromine is made from the mother-liquor, or 
bittern, of solar salt manufacture by Balard's process. 
Chlorine is passed in and the liberated bromine shaken out 
with paraffin oil, which dissolves it and floats on the surface. 
The oil is then shaken with a solution of caustic soda, which 
removes the bromine and leaves the paraffin, which is used 
again. The aqueous layer is evaporated and the sodiimi 
bromide decomposed with manganese dioxide and sulphuric 
acid in retorts, when bromine distils over. 

The preparation of bromine from kelp has apparently 
been abandoned. 

Considerable quantities of bromine are made in America. 
In 1915, the quantity of bromine made in the Ohio River 
district was 855,857 lbs. Much bromine is present in the 
Great Salt I<ake of Utah in the form of bromides. The 
American competition has resulted in a considerable lower- 
ing in the price of bromine, and is a serious menace to the 
Stassfurt monopoly. 

Other Sources of Potassium Salts. — Besides the 
Stassfurt deposits, important deposits of potassium salts 
occur in Alsace and in the north of Spain. 

The Alsatian deposits occur near the forest of Monne- 
bruck, at the foot of the now historic Hartmannsweilerkopf , 
near Mulhouse. They were found in 1904, and are in two 
layers, the upper 3 ft., and the lower 16J ft., thick. Their 
value is estimated at two thousand million pounds, but they 
are as yet unworked. These deposits are much richer than 
those at Stassfurt, and it may be anticipated that in the 
future they will take the place of the German monopoly in 
supplying a large proportion of the world's markets. 

lyarge deposits of potassium salts have quite recently 
been discovered at Cardona ia the north of Spain, but have 
apparently been allowed to come under German control. In 
Eastern Galicia deposits of sylvine and kainite have been 
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discovered, but they have not been worked on account of the 
competition of Stassfurt. Other large deposits have also 
been discovered at Elton lyake, on the Ural-Ruizan Une. 

In America the deposits of Searle's Lake, Nebraska, are 
rich in potash salts. 

An interesting source of potassium salts is found in the 
fumes emitted from blast furnaces and the furnaces of 
cement works. These often contain appreciable amounts 
of potassium salts, and in some steel works, such as the 
Bethlehem Steel Works in Pennsylvania, these salts are now 
recovered by scrubbing the exit gases or by electrical pre- 
cipitation. Whether more potassium salts could be recovered 
in this way by adding minerals rich in potash but not 
amenable to direct treatment, such as felspar, is an interest- 
ing technical problem. 

Potassium Salts from Felspar. — An almost inex- 
haustible source of potassium salts is found in the primary 
rocks containing potassium silicate, such as felspar. Felspar 
itself is very slowly decomposed by atmospheric moisture 
and carbon dioxide, but the use of finely ground felspar 
directly as a manure has proved a failure, although supplies 
are apparently still put on the market by Norwegian firms 
for that purpose. 

Many attempts have been made to obtain potassium salts 
economically from felspar, and numerous patents have been 
taken out, but up to the present no successful process seems 
to have been discovered. Some of the methods proposed 
are considered below. 

1. Ward and Wynants fritted finely ground felspar with 
lime and fluorspar. The product was lixiviated with water, 
and the potassium silicate extracted decomposed by carbon 
dioxide, when silica and potassium carbonate were obtained. 

2. Spiller fused the finely ground felspar with a mixture 
of barium sulphate and coal to a glass, and then extracted 
with sulphuric acid, when insoluble barium sulphate, which 
could be used over again, and soluble potassium sulphate 
were formed. 

3. Thompson heated a mixture of 5 parts felspar with 
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5 parts of nitre cake (NaHS04) and i-8 parts of common 
salt to redness for two to three hours. The residue was 
ground and lixiviated, and the solution crystallized. The 
reaction was supposed to consist in the formation of hydro- 
chloric acid from the salt and nitre cake, which with felspar 
at a high temperature gives potassium chloride. This with 
the excess of nitre cake gives more hydrochloric acid and 
potassium sulphate. It is stated that 80-90 per cent, of the 
potassium can be so recovered. 

4. Herstein fuses felspar with calcium chloride and chalk 
in a revolver, when potassium chloride is volatilized and 
cement clinker is left. This process is said to produce 
potassium chloride at a less cost than the Stassfurt salt — 
presumably only if the " cement " is included. 

Potassium Salts. — Potassium carbonate is prepared in 
a variety of ways from the other salts available in larger 
quantities. 

1. From KCl and K2SO4 by the lycblanc process. In 
1861 Vorster and Grimeberg estabhshed a works at Kalk, 
near Cologne, and other works were afterwards erected in 
France and Germany, e.g. at Croix, near lyille. The charge 
for the black-ash process is 100 parts K2SO4, 80-90 parts 
of limestone, and 40-50 parts of coal. Batches of 2^-3 cwts. 
of K2SO4 are worked up at a time. KCl is first converted 
into K2SO4 by heating with sulphuric acid as in the salt-cake 
process. 

2. From KG by the process of Precht : — 

3(MgC03.3H20) +2KCI+CO2 

solid liquid gas 

95 % saturated 
at so" 

=2(MgC03.KHC03.4H20) +MgCl2 

solid liquid 

Limekiln gas (30-35 per cent. CO2) is used ; the soHd 
is separated by suction and boiled with water under pressure 
at 140°. The following reaction occurs : — 

2(MgC03.KHC03.4H20)=MgC03+K2C03+9H20+C02 

solid solid liquid gas 

Potassium carbonate is used in the manufacture of flint 
B. 19 
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glass and hard glass. Bohemian glass, largely used in 
the manufacture of chemical apparatus, is made by fusing 
together 50 parts K2CO3, 15 parts lime, and 100 parts 
powdered quartz. Potash glass is less fusible and more 
resistant than ordinary soda glass. FUnt glass, which has 
a high refractive index and is used in the construction of 
optical instruments, contains lead oxide in addition to 
potash. 

Caustic potash, KOH, is made in various ways — 

1. By causticizing potassium carbonate with lime, as 
in the usual method for making caustic soda. 

2. By electrolysis of potassium chloride solution, as in 
the electrolysis of brine. 28,000 tons of electrolytic caustic 
potash were made in Germany in 1903, and -used in the 
manufacture of soft soap, oxalic acid, etc. The power used 
is 2 kw.-hr. per kilo of KOH. The product when required 
pure for laboratory purposes (" Pure by alcohol ") is refined 
by dissolving in alcohol and filtering from K2CO3, and 
evaporating in a silver basin. A similar process is used for 
obtaining pure caustic soda. 

3. From potassium sulphate by direct caustification. 
Attempts have been made to obtain caustic potash 

directly from potassium sulphate (Claussen, 1852) : — 

K2SO4 +Ca(OH) 2 =CaS04 +2KOH 

This avoids preliminary conversion into carbonate, which 
is a costly process. 

The equilibrium is reached sooner than in the carbonate 
caustification, and the yields are therefore lower. The reaction 
has been investigated by Herold, who by assuming the 
solubilities of the two calcium salts as constant, as they 
are present in the solid phases, obtained the equation of 
equilibrium — 

[0]Er]3_ 
[SO4"] 

analogous to the caustification equation of p. 77. 

If the dissociation of the calcium salts is assumed to be 
complete, we have — 
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[Ca"]=J[OH']=Si 
[Ca"] = [S04"]=S2 

and hence — ^r4r = K 



The results showed that this equation is followed at low 
temperatures, but there were deviations at higher tempe- 
ratures owing to the appearance in the solid phase of the 
double salt syngenite, K2SO4.CaSO4.H2O. In this case the 
reaction is — 

Ca(OH)2+HaO+2S04"+2K*=K2S04.CaS04.H20+20H' 

solid solid 

Hence we have the equation — 

[KTisoTT^^' f^'^=tso4"] 

XT, [OH'? 
[S04"l* 
Thus with increasing concentration of potassium sulphate, 
increase of caustification results — exactly the opposite 
result to that occurring in dilute solutions. It was found best 
to work at low temperatures, say with a saturated solution 
of potassium sulphate at 0°, when 65 per cent, conversion is 
obtained. The remaining potassium .sulphate can be 
separated by freezing. 

Potassium Bromide and Potassium Iodide. — These two 
salts are prepared by very similar methods, in one case 
bromine and in the other iodine being used : — 

1. The halogen element is added to a solution of caustic 
potash, when potassium bromide or iodide, and bromate or 
iodate, are formed : — 

6K0H +3Br2 =5KBr +KBr03 +3H2O 
6K0H H-3la =5^1 +KIO3 +3H2O 
The solution is evaporated to dryness, a little charcoal 
is added to faciUtate the reduction of the bromate or iodate, 
and the whole ignited. The bromide or iodide is extracted 
with water and crystallized. 

2. Bromide or iodide of iron, prepared by adding the 
halogen element to water and iron turnings, is added to a 
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boiling solution of potassium carbonate, when hydroxide 
of iron is precipitated and the haloid salt remains in solution — 

3Fe+4Br2=Fe3Br8 
Fe3Br8+4K2C03+4H20=8KBr+Fe3(OH)8+4C02 

Both potassium bromide and iodide are used in medicine. 

Potassium permanganate, KMn04, is obtained by fusing 
together a mixture of caustic potash, potassium chlorate, 
and manganese dioxide. The caustic potash is taken in the 
form of a saturated solution, and for every ten parts of KOH 
eight parts of manganese dioxide, and seven parts of potas- 
sium chlorate are added. The whole is evaporated to dryness, 
and fused till the chlorate is decomposed. The dark green 
mass is lixiviated with water, boiled, and the residue allowed 
to deposit. The liquid is filtered through asbestos and 
allowed to stand, when ciystals of permanganate separate. 
Potassium manganate is first formed in the fusion, together 
with some permanganate, and the manganate is converted 
into permanganate by the action of water — 

2KOH +Mn02 +0 =K2Mn04 +H2O 
SKaMnOi+zHgO =2KMn04+Mn02+4KHO 

The conversion into permanganate is facilitated by 
passing carbon dioxide through the solution. 

Prolonged fusion in a flat vessel in presence of air may be 
used instead of adding the chlorate. 

Potassium Chromate and Bichromate. — These salts are 
prepared from native ferrous chromite, or chrome-iron ore, 
FeCrgO^, by the process of Stromeyer, which consists in 
roasting the finely powdered ore with a mixture of lime 
and potassium carbonate in presence of atmospheric oxygen. 
A mixture of 4J parts of ore, 2| parts of K2CO3, and 7 parts 
of lime is dried and then heated to bright redness with an 
oxidizing flame, the mass being constantly stirred. The 
mass is lixiviated, and calcium chromate in the solution 
decomposed by adding potassium sulphate, when calcium 
sulphate is precipitated and potassium chromate remains in 
solution. If dichromate is to be made, the requisite amount 
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of sulphuric acid is added and the solution allowed to cool, 
when the dichromate crystallises out in red crystals. 

2FeCr204+4K2C03+70=Fe203+4K2Cr04+4C02 
2K2Cr04+H2S04 =K2Cr207 +K2SO4+H2O 

Metallic potassium is prepared by electrolysis of caustic 
potash or by heating the fluoride or silicofluoride with 
aluminium. Potassium ojdde, K2O, is obtained by heating 
potassium nitrite with potassium — 

2KNO2 +6K =4X20 +N2 

Magnesium. — Magnesium and its salts are prepared 
from the magnesium chloride by-product of the Stassfurt 
industry (see p. 285). 

MetalUc magnesium is prepared electrolytically from 
carnallite at the Hemlingen Works at Bremen, and a small 
amount at Griesheim. The salt, fused at a temperature 
a little above its melting-point in a steel crucible which 
acts as the cathode, is electrolyzed by a current of 1000 
amps, per sq. metre at 7-8 volts, with a carbon anode. The 
anode is surrounded by a porcelain tube and chlorine is 
led off. During the fusion and electrolysis a mixture of 
sodium and potassium chlorides is added, so that the com- 
position is constantly — 

4i-6MgCl2+32-6KCl-j-25-66NaCl 
Small spheres of metal separate, which are melted 
together in a crucible with or without a flux, and cast into 
bars. 

In America an alloy of magnesimn and aluminium is first 
prepared, and the magnesium then separated by distillation. 
Magnesium is used as a source of light for special purposes, 
such as in photography, as a reducing agent in the prepara- 
tion of boron, etc., mixed with barium peroxide for initiating 
thermite charges, and in the preparation of organo-metalUc 
compounds in the Grignard reaction. An alloy of 10-20 per 
cent, magnesium and 80-90 per cent, aluminium forms 
Magnaliutn, which is very tough and light. The con- 
sumption of magnesium is comparatively small. 
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Magnesium Salts. — The preparation and uses of mag- 
nesium chloride, which forms the usual starting-point in the 
preparation of magnesium salts, have been described already 
(p. 285). 

If a solution of magnesium chloride is precipitated with 
sodium carbonate, magnesia alba levis, 4MgC03.Mg(OH)2. 
5H2O, is formed, which on drying at a low temperature forms 
a voluminous white powder. When this is heated with water 
to 100°, magnesia alba ponderosa, MgC03.Mg(OH)2.4H20, 
which is much denser, is formed, and if this is heated to 
300° calcined magnesia, or magnesium oxide, is left. These 
three products are used in medicine, and the oxide is used 
in making refractory bricks for lining Bessemer converters 
for the basic steel process. Magnesia bricks are made from 
dead-burnt magnesite, or native magnesium carbonate, 
which is crushed and mixed with sufficient gently calcined 
magnesite to give the mass a plastic consistency. The 
bricks are fired at a red heat. Materials are also made from 
magnesia fused in the electric furnace similarly to silica. 
Magnesia is used together with zirconia and other rare 
earths in the preparation of rods for the Nernst lamp. 

Magnesia alba is also prepared from bittern, or the 
residue of solar salt manufacture, by precipitating the 
hydroxide, Mg(0H)2, with lime and then passing carbon 
dioxide until the magnesium carbonate first produced is 
redissolved in the form of the bicarbonate. When the 
solution is heated to the boiling point, magnesia alba is pre- 
cipitated. 

Magnesium sulphate is usually prepared from kieserite 
by lixiviating out the chlorides of magnesium and sodium 
with cold water in tanks on sieves, through which the 
kieserite falls in a fine powder. This is packed in moulds, 
when it solidifies to a mass of MgSO^, bound together by 
MgSO^.CHgO, and contains 80-90 per cent. MgSOi. This 
is ground and sold. If recrystallized from water it forms 
Epsom salts, MgS04.7H20. Magnesium sulphate is used 
in medicine and as a warp-sizing in cotton spinning. 

Magnesium peroxide in an impure form is obtained by 
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precipitating a solution of magnesium chloride or sulphate 
with sodium peroxide. It is used as a mild antiseptic in 
tooth-powders, etc. 

Lithium. — Lithium salts were discovered in 1817 by 
Arfvedson, and the metal was isolated in 1855 by Bunsen and 
Matthiessen, who electrolyzed the fused chloride in an iron 
crucible with a carbon anode and iron cathode. 

Lithium occurs in small quantities in siliceous rocks 
composed of silica, alumina, and alkali metals, notably in 
lepidolite, or lithia-mica, petcdite, spodumene, and triphylene, 
which contain from 3 to 6 per cent. Li20. The lithium salts 
are extracted from these minerals in various ways : — 

(i) Fusion with barium carbonate and sulphate, when 
barium silicate and the sulphates of the alkali- 
metals are produced. The solution in water is 
precipitated with barium chloride, and the alkali- 
chlorides in the filtrate evaporated to dryness and 
treated with a mixture of absolute alcohol and 
ether, in which only lithium chloride, LiCl, dissolves 
(Troost). 
(2) Digestion of the finely powdered mineral with con- 
centrated hydrochloric or stdphuric acid. Silica 
is rendered insoluble, and the solution, after pre- 
cipitation with sodium carbonate to remove iron, 
alumina, magnesia, etc., is concentrated by evapo- 
ration, and lithium carbonate, Li2C03, precipitated 
with sodium carbonate. 
Lithium salts also occur in radioactive minerals, such as 
carnotite, in sea water, and in the waters of many mineral 
springs {e.g. the water of the Wheal-Clifford spring, near 
Redruth in Cornwall), and in plant ashes. 

Lithium hydroxide, LiOH, is prepared by boiling a solution 
of lithium carbonate with lime or barjrta. It is a strong 
alkah. It crystallizes from dilute alcohol as LiOH.H20. 

Lithium chloride below 15° forms a hydrate, LiC1.2H20 ; 
above 15° it crystallizes anhydrous. It is very deliquescent. 
Lithium sulphate, Li2S04, is soluble in alcohol and in 
water. 
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Lithium carbonate, I/i2C03, is insoluble in absolute alcohol, 
and only sparingly soluble in water, being more soluble in 
the cold. It dissolves in a solution of carbon dioxide, forming 
a bicarbonate I^iHCOa. The commercial carbonate usually 
contains about 98-5 per cent. I/igCOs. Organic lithium 
salts {e.g. lithium salicylate) are used in pharmacy, as a cure 
for gout and other complaints. 

Salts of caesium and rubidium are exceedingly scarce, 
and are not prepared industrially. 
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Absorption, of ammonia, 197 

of gases, 68, 239 

of hydrochloric acid, 66 

of oxides of nitrogen, 153, 230, 
247, 262 

towers, 153, 166, 230, 239, 242 
Accumulator acid, 264 
Acids, preparation of, 65 
Acker process, 96, 101, 104 
Affinity, 35, 117 
Alaunite, 273 
Algin, 275 
Algulose, 275 
Alkali Acts, 66 
Alkali-waste, 79, 162 
Alkalinity, 6 

Alsatian potash deposits, 287 
Alum, 161 
Ammonia, 181 

anhydrous, 200 

by-product, 182, 186, 192, 218, 
231 

carbamate, 201 

carbonates, 201 

chloride, 201 

from cyanamide, 203, 205, 232 

from cyanides, 207 

nitrate, 92, 202, 256 

from nitrides, 206 

oxidation of, 189, 224, 229, 233, 
237 

phosphates, 202 

salts, 201 

solution, 199 

stills, 90, 194, 232 

sulphate, 161. 184, 190, 218, 
263, 267 

sulphite, 198 

synthetic, 210, 232 

thiocyanate, 203 
Ammonia saturators, 87, 197 
Ammonia-soda process, 85, 199 
Ammoniacal liquor, 182, 192, 218, 

231 
Apophyllite, 273 
Aqua fortis, 157 
Arc process, 163, 178, 213 



Arsenic, removal of, from sulphuric 
acid, 29, 264 

from hydrochloric acid, 70 
Ash, plant and wood, 276 

soda, 92 
Astrachanite, 284 
Autoxidation, 236 
Available energy, 39, 225 

Badische, Contact process, 199, 

207 
" Bamag " ammonia still, 197 
Beehive coke ovens, 184 
Bender's process, 176 
Billiter-Leykam cell, 108 
Birkeland-Eyde arc furnace, 166 
Bischoffite, 285 
Bittern, 287 

Black-ash process, 61, 71 
Blacking, 265 

Blast-furnace gases, 172, 192, 288 
Bleaching-powder, 126 

liquor, 129 
Blende, 19 

Bones, distillation of, 182 
Boracite, 98 
Borax, 97 
Boric acid, 285 
Borocalcite, 98 
Boronatrocalcite, 98 
Brimstone, 18 

acid, 19, 264 
Brine, 9 
Bromides, 291 
Bromine, 285 

Bucher cyanide process, 209 
Burners, brimstone, 20 

pyrites, 21 

Calcium, chloride, 91 

hjrpochlorite, 129 

nitrate, 202, 253 
Caliche, 139, 276 
Carbides, 203 
Carbon, bisulphide, 81 

reduction by, 81 
Carbonator, Honigmann, 88 
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Carnallite, 13, 280 
Carvis coke oven, 185 
Cascade concentration process, 32 
Castner sodium process, 96 
Castner-Kellner cell, 107 
Catalyst, 45, 119, 227, 263 
Causticity, 5 
Caustic potash, 289 

soda, 74, 93 
Caustification, theory of, 76, 290 
Cellarius receiver, 69 
Cement-furnace dust, 288 
Cerebos salt, 10 
Chamber, acid, 24 

bleaching powder, 127 

crystals, 17, 23 

Falding's, 28 

lead, 22 

Mills-Packard, 28 

process, 16, 238, 252 

tangential, 27 
Chance-Claus process, 80, 162 
Cheshire, salt in, 9 
Chlorate, industry, 131 

potassium, 132 

sodium, 133 
Chlorine, -Deacon process for, 1 16 

Dunlop process for, 125 

electrolytic, 106 ' 

liquid, 134 

manufacture of, 110 

Mond process for, 125 

Weldon process for, 110 

Weldon-Pechiney process for, 
124 
Circulation, of liquids in towers , 241 
Coal, 182. 189 

gas, 182 
Cogswell coolers, 87 
Coke, production of, 182, 184 
Colemanite, 98 
Collet's concentration apparatus, 

257 
Concentration, definition of, 36 

of nitric acid, 254, 256 

of sulphuric acid, 29 
Condensers, " cell," 199 

silica, 148, 156 
Contact process for sulphuric acid, 

41,49 
Converters, for ammonia oxidation, 

233, 237 
Coppfee coke-oven, 185 
Copper, wet extraction, 82, 161 
Cryolite, 94 

" Crystal carbonate," 92 
Cyanamide, 163, 181, 189, 203, 205, 

215 232 
Cyanides, 203, 207, 231 



Davis's de-arsenicators, 29 
Deacon, " plus-pressure " furnace, 
65 
chlorine process, 116 
Delplace pyrites furnace, 21 
Dippel's oil, 182 
Direct ammonia recovery process, 

198 
Drying of gases, 265 
Dunlop chlorine process, 198 

Eau de Javell, 126 
EfEront process, 278 
Egg, acid, 24 

preservative, 99 
Electrical power, 3, 102, 168, 173, 

189 
Electrolytic, alkali processes, 101 

chlorate, 133 

hypochlorite, 129 

magnesium, 293 

perchlorate, 133 

sodium, 96 
Emulsator, 25, 246 
Epsom salt, 161, 294 
Equilibrium, 25 
Erlwein cyanamide process, 204 
Esters, 266 
Ether, 264 

Evaporators, vacuum, 11, 75 
Explosion of gases, 176 

Faldings' sulphuric acid chamber, 

28 
Faraday's laws of electrolysis, 101 
Feldman's ammonia still, 197, 220 
Felspar, 288 
Filter, rotary, 90 

suction, 74 
" Fine chemicals," 1 
Fishery salt, 10 
Fixation of nitrogen, 142, 162, 204, 

211, 261 
" Foxy-batch," 116 
Flame, temperature of, 176 
Frank-Caro, converter for ammonia 
oxidation, 223, 235 

cyanamide process, 203 

gasification of fuel, 189 
Frasch sulphur process, 19 
Fuming-nitric acid, 149 

sulphuric acid, 15, 54, 267 

Gaillard tower, 32 
Gas-liquor, 192, 199, 218, 231 

producers, 3, 172, 187 
Gasification, of fuel, 186, 189 
Gay Lussac tower, 17, 24, 252 
Glaserite, 284 
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Glauber salt, 13, 284, 285 
Glover tower, 25 
Glucose, 263 
Gossage tower, 67 
" Graduation," 9 
Gravity cells, 108 
Grease extraction, 162 
Griesheim, electrolytic alkali cell, 
106 

electrol3rtic magnesium, 293 
Grillo contact process, 53 
Gruneberg-Blum ammonia still, 194, 

220 
Guldberg-Waage Law of Mass 

Action, 36 
Guttmann's nitric acid plant, 152 
Gypsum, sulphuric acid from, 

48, 268 

Haas-Oettel hypochlorite cell, 130 
Haber synthetic ammonia process, 

163, 181, 210, 216, 232 
Hargreaves, saltcake process, 70 

Bird electrolytic cell, 106 
Hart's nitric acid plant, 155 
Hasenclever's, improved Deacon 
process, 123 

mechanical bleaching-powder 
chamber, 127 
Hatisser process, 174 
Heat of reaction, 40 
" Heavy chemicals," 1 
Henry and Dalton's law, 68 
Herman's process, 176 
HerreshofE p3n:ites furnace, 22 
Honigmann's carbonator, 88 
Hiissner coke-oven, 185 
Hydrochloric acid, 66, 161 
Hydrogen, 217 
Hydroxyl, 6 

Indigo, 267 
Iodides, 291 
Iodine, 275 
'■ Ironac," 32 

Kainite, 280 

Kaiser's process for ammonia oxida- 
tion, 233, 236 

Kellner hypochlorite cell, 129 

Kelp, 273, 274 

Kessler concentration apparatiis, 31 

Kestner vacuum evaporators, 76 

Kieserite, 285 

KiUi, Claus, 80 
lime, 89 

Koppers' coke-oven, 185 

Lebi-ANC process, 61, 82, 289 



Lepidolite, 296 

Leucite, 273 

Lift, lor acids, etc., 24, 246, 258 

Lignite, 190 

Lime, kiln, 89 

slakers, 127 
Lithium, and salts, 295 
Lixiviation, of black-ash, 73 
Losses, in ' chamber process, 34, 
238 

in caustificatioD, 78 

in chlorine manufacture, 114, 126 

in nitric acid manufacture, 164, 
167 
Lowig's caustification process, 93 
Lunge's, theory of chamber pro- 
cess, 17 

plate towers, 28 

theory of chlorate process, 131 
Lymn's gas producers, 188, 191 

Macdougall's, arc furnace, 143 

pyrites furnace, 22 
Mactear furnace, 64 
Magadi soda deposits, 69 
" Magnalium," 293 
Magnesium, 292 

carbonate, 294 

chloride, 124, 286 

oxide, 294 

peroxide, 294 

sulphate, 294 
Maletra pyrites furnace, 21 
Manganese, dioxide. 111 

chlorides, 114 

recovery, 116 
Mannheim contact process, 53 
Manufacturers' salt, 10 
Margueritte and Sourde val's cyanide 

process, 208 
" Marine alkali," 6 
Mass-action, 34 
" Mild alkali," 6 

Mills-Packard sulphuric acid cham- 
ber, 28 
Mond's chlorine process, 125 

gasification process, 187 
" Monohydrate," 64, 150 
Multiple-effect evaporators, 11 
" Muriatic acid," 69 
Muscovite, 273 

"Narki," 32 
Natron, 59 
Natural soda, 59 
Nemst's theorem, 41 
Nitre, 22, 34, 135, 238 

cake, 152, 160, 269 

Chili, 139, 260 
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Nitric acid, concentration of, 254, 
266 

fuming, 149 

grades of, 150 

manufacture of, from ammonia, 
224, 258 

do. costs of. 159, 214, 258 

do. by Guttmann's process, 152 

do. by Hart's process, 155 

do. by modern processes, 162 

do. from nitre, 143 

do. by Raschig's process, 159 

do. by Uebel's process, 156 

do. by Valentiner's process, 156 

plant, 150 
Nitric oxide, equilibrium of, 164 

oxidation of, 247, 252 

rate of formation and decom- 
position of, 165 
Nitrides, 181, 206 
Nitro-cellulose, 266 

compounds, 266 

glycerine, 266 
Nitrogen, 217 

fixation of, 142, 162, 206, 211, 
221 

oxides of, 17, 22, 149, 154, 164, 
174, 177, 225, 239, 247, 252, 
268 

problem, 141 
" Nitrous vitriol," 16, 17, 25, 252 
Nitro-sulphonic acid, 17 
" Nitrum," 59 
Nodulizing kiln, 22 
Nordhausen sulphuric acid, 15, 48 

" Octagons," 112 
" Off-peak " power, 172 
Oil, refining of, 266 
" Oleum," 54 
Opl tower, 28 
Orthoclase, 273 

Ostwald's, law of successive re- 
actions, 224 

process for oxidation of am- 
monia, 224, 233 
Otto-Hilgenstock coke-oven, 185 

Hoffman coke-oven, 185 
Owen's Lake, 59 
Oxidation of ammonia, 189, 224, 

229, 233 

Packing, tower, 24, 245 
Pan, acid, 63 

salt, 10 

sulphuric acid, 30 

Thelen, 73, 91 
Parchment paper, 264 
Pauling arc furnace, 168 



Pearlashes, 276 
Peat, 190 

Perchlorates, 133, 140 
" Permanent- white," 161 
Petalite, 295 
Phenol, 162, 267 
Plant-ash, 59, 276 

nutrition, 271 
Plate-towers, 28 
Pohle lift, 246, 258 
Porion furnace, 278 
Potash, caustic, 290 

deposits, 272, 273. 278, 287 

from felspar, 288 

from furnace gases, 288 

industry, 270 

manures, 285 
Potashes, 276 
Potassium, 291 

bromide, 291 

carbonate, 277, 289 

chlorate, 132, 148 

chromate, 291 

dichromate, 291 

hydroxide (caustic potash), 290 

iodide, 291 

ion, 270 

natural sources of, 272 

nitrate, 135, 138 

oxide, 292 

perchlorate, 140 

permanganate, 291 

salts, 289 

sulphate, 161, 273 
Power, electrical, 3, 102, 168, 173, 

189 
Precht's potassium carbonate pro- 
cess, 289 
Producer-gas, 172, 187 
Putty, acid-resisting, 148 
Pyrites, 15, 18 

Raschig's nitric acid process, 159 
Reduction, theory of, 62 
Retort, nitric acid, 151 
Revolving furnace, 72 
Roaster acid, 63 
Rock-salt, 8 
Rohrmann tower, 148 

Salammoniac, 181 

Salinas, 273 

Salt, 8 

Saltcake process, 61, 63, 161 

Saltpetre, 137, 218, 260, 273, 276 

Scale, pan, 11 

Scheele's soda process, 95 

Schlempe, 277 

Schloesing's absorption process, 253 
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Schdnherr's arc furnace, 167 
Schonite, 283 

Schrdder-Gtillo contact process, 53 
Sea, water, 272 

weeds, 273 
Sel mixte, 13 

Semet-Solvay coke ovens, 185, 186 
Serpek process, 163, 207, 216 
Shale, alum, 273 

distillation of, 187 

pyrites, 15 
Shanks' lixiviators, 73 
Silica spirals, 148, 156 
Silicate of soda, 98 
Site of works, 2 
Sizing paper, 162 
Slag-bricks, 162 
Slakers, lime, 127 
Soda, crystals, 92 

pots, 75 
Sodamide, 200 
Sodium, 95 

bicarbonate, 92 

borate, 97 

carbonate, 92 

chlorate, 132 

chloride, 8 

chromate, 99, 161 

dichromate, 99, 161 

hydroxide (caustic soda), 74, 93 

hypochlorite, 129 

manganate, 161 

nitrate, 139, 260 

nitrite, 167, 250, 251 

perborate, 98 

perchlorate, 134 

peroxide, 97 

phosphate, 99 

silicate, 98 

sulphate, 61, 65, 285 

sulphide, 66 

sulphite, 162, 267 

thiosulphate, 79 
Solar salt, 13, 272 
SolubiUty, of gases, 68, 239 

product, 76, 85 
Soluble glass, 98 
Solvay, ammonia still, 197 

tower, 87 
Spanish potash deposits, 287 
Spent oxide, 18 
Spirit, ammonia, 199 

of hartshorn, 181 

of salt, 69 
Spodumene, 295 
Squire and Messel's contact process, 

49 
Stanford's kelp treatment processes, 
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Stassfurt deposits, 272, 274, 276, 

278 
" StifE-batch," 116 
Stills, ammonia, 90, 194 

chlorine, ill 

nitric acid, 146, 161 
Subsidences, 9 
Suint, 278 
Sulphonic acids, 267 
Sulphur, 18 

dioxide, 19, 162 

trioxide, 49, 54 
Sulphuric acid, 15, 162, 262, 268 
Superphosphates, 161, 262 
Sylvine, 281 
Syngenite, 291 

Table salt, 10 
" Tantiron," 32 
Taylor's chlorine process, 125 
Tenteleff contact process, 63 
Thelenpan, 73, 91 
Thfenardite, 284 
Thermodynamics, 34 
Tinea], 97 

Tofani's cyanamide process, 206 
Tower, absorption, 67, 153, 166, 
230, 239, 242 

Gaillard, 32 

Gay Lussac, 15, 24 

Glover, 15, 25 
Gossage (hydrochloric acid), 67 

nitric acid, 148, 166, 230, 239, 
242 

Opl, 28 

Solvay, 87 
Trimethylamine, 278 
Triphylline, 295 
Trona, 59 
Tungsten, 161 
Turf, 190 

Udells, 275 

Uebel's nitric acid process, 166 
Urao, 69 

Utilization, of nitre cake, 160 
of sulphuric acid, 262 

Vacuum evaporators, 11, 76 
Valentiner's nitric acid process, 162, 

166 
Van t' Hoff 's researches on Stassfurt 

deposits, 281 
" Vegetable alkali," 6 
Velocity of reaction, 45, 119 
Vinasse, 182, 277 
Vincent process, 182, 278 
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Vis' process, 11 
" Voltoids," 201 

Washing soda, 92 
Waste, alkali, 79, 91 
Water, glass, 98 

power, 3, 167 

spray, 24 
Wedge pyrites furnace, 22 
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Weldon, chlorine process, 110 

mud, 112 

Pechiney chlorine process, 124 
Wood ashes, 274, 276 
Wool-washing, 92, 278 

Zeolites, 271, 273 
Zinc blende, 19 
extraction, 161 
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Dana, R. T. Handbook of Construction plant i2mo, leather, 

Danby, A. Natural Rock Asphalts and Bitumens 8vo, 

Davenport, C. The Book. (Westminster Series.) 8vo, 

Davey, N. The Gas Turbine 8vo, 

Davies, F. H. Electric Power and Traction 8vo, 

Foundations and Machinery Fixing. (Installation Manual Series.) 

i6mo, 

Deerr, N. Sugar Cane Svo, 

Deite, C. Manual of Soapmaking. Trans, by S. T. King 4to, 

De la Coux, H. The Industrial Uses of Water. Trans, by A. Morris . Svo, 

Del Mar, W. A. Electric Power Conductors 8vo, 

Denny, G. A. Deep-level Mines of the Rand 4to, 

Diamond Drilling for Gold ,. , . *s 00 

De Roos, J. D. C. Linkages. (Science Series No. 47.) i6mo, 

Derr, W. L. Block Signal Operation Oblong i2mo, 

Maintenance-of-Way Engineering (In Preparation.) 

Desaint, A. Three Hundred Shades and How to Mix Them Svo, *io 00 

De Varona, A. Sewer Gases. (Science Series No. 55.) i6mo, o 50 

Devey, R. G. Mill and Factory Wiring. (Installation Manuals Series.) 

i2mo, *i 00 

Dibdin, W. J. Purification of Sewage and 'Water Svo, 6 50 

Dichmann, Carl. Basic Open-Hearth Steel Process i2mo, *3 50 

Dieterich, K. Analysis of Resins, Balsams, and Gum Resins. .. .Svo, *3 75 

Dilworth, E. C. Steel Railway Bridges 4to. *4 00 

Dinger, Lieut. H. C. Care and Operation of Naval Machinery. . .i2mo,' *3 00 
Dixon, D. B. Machinist's and Steam Engineer's Practical Calculator. 

i6mo, morocco, i 25 
Dodge, G. F. Diagrams for Designing Reinforced Concrete Structures, 

Dommett, W. E. Motor Car Mechanism. . 
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Dorr, B. F. The Surveyor's Guide and Pocket Table-book. 

i6ino, morocco, 
Draper, C. H. Elementaiy Text-book of Light, Heat and Sound . . i2mo, 

Heat and the Principles of Thermo-dynamics i2mo, 

Draper, E. G. Navigating the Ship i2mo, 

Dron, R. W. Mining T'ormulas i2mo, 

Dubbel, H. High Power Gas Engines 8vo, 

Dumesny, P., and Noyer, J. Wood Products, Distillates, and Extracts. 

8vo, 
Duncan, W. G., and Penman, D. The Electrical Equipment of Collieries. 

8vo, 
DunkJey, W. G. Design of Machine Elements. Two Volumes. 8vo, each, 
Dunstan, A. E., and Thole, F. B. T. Textbook of Practical Chemistry. 

i2mo, 

Durham, H. W. Saws 8vo, 

Duthie, A. L. Decorative Glass Processes. (Westminster Series.) . 8vo, 

Dwight, H. B. Transmission Line Formulas 8vo, 

Dyson, S. S. Practical Testing of Raw Materials 8vo, 

Dyson, S. S., and Clarkson, S. S. Chemical Works 8vo, *ii 50 

Eccles, W. H. Wireless Telegraphy and Telephony i2mo, *8 80 

£ck, J. Light, Radiation and Illumination. Trans, by Paul Hogner, 

8vo, 

Eddy, H. T. Maximum Stresses under Concentrated Loads 8vo, 

Eddy, L. C. Laboratory Manual of Alternating Currents izmo, 

Edelman, P. Inventions and Patents i2mo, 

Edgcumbe, K. Industrial Electrical Measuring Instruments 8vo, 

(/« Press.) 
Edler, R. Switches and Switchgear. Trans, by Ph. Laubach . . . 8vo, 

Eissler, M. The Metallurgy of Gold 8vo, 

The Metallurgy of Silver 8vo, 

The Metallurgy of Argentiferous Lead 8vo, 

A Handbook on Modem Explosives 8vo, 

Ekin, T. C. Water Pipe and Sewage Discharge Diagrams folio. 

Electric Light Carbons, Manufacture of 8vo, 

Eliot, C. W., and Storer, F. H. Compendious Manual of Qualitative 

Chemical Analysis izmo, 

Ellis, C. Hydrogenation of Oils 8vo, 

Ultraviolet Light, Its Applications in Chemical Arts lamo, 

(In Press') 

Ellis, 6. Modern Technical Drawing 8vo, 

Ennis, Wm. D. Linseed Oil and Other Seed Oils 8vo, 

Applied Thermodynamics ' 8vo, 

Flying Machines To-day i2mo, 

Vapors for Heat Engines i2mo, 

Ermen, W. F. A. Materials Used in Sizing 8vo, 

Erwin, M. The Universe and the Atom i2mo, 

Evans, C. A. Macadamized Roads {In Press.) 

Ewing, A. J. Magnetic Induction in Iron 8vo, 

Fairchild, J. F. Graphical Compass Conversion Chart and Tables. . . o go 

Fairie, J. Notes on Lead Ores i2mo, *o 50 

Notes on Pottery Clays i2mo, *2 25 
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Fairley, W., and Andre, Geo. J. Ventilation of Coal Mines. (Science 

Series No. 58.) i6nio, o 50 

Fairweather, W. C. Foreign and Colonial Patent Laws 8vo, *3 o© 

Falk, M. S. Cement Mortars and Concretes 8.vo, *2 50 

Fanning, J. T. Hydraulic and Water-supply Engineering 8vo, *5 oa 

Fay, I. W. The Coal-tar Colors 8vo, *4 00 

Fembach, R. L. Glue and Gelatine 8vo, *3 00 

Findlay, A. The Treasures of Coal Tar i2nio, 2 00 

Firth, J. B. Practical Physical Chemistry i2mo, i 25. 

Fischer, E. The Preparation of Organic Compounds. Trans, by R. V. 

Stanford i2mo, *i 25 

Fish, J. C. L. Lettering of Working Drawings Oblong 8vo, i oa 

Mathematics of the Paper Location of a Railroad, .paper, i2mo, *o 25 

Fisher, H. K. C, and Darby, W. C. Submarine Cable Testing . . . .8vo, *3 so' 
Fleisctunann, W. The Book of the Dairy. Trans, by C. M. Aikman. 

8vo, 4 so- 
Fleming, J. A. The Alternate-current Transformer. Two Volumes. 8vo. 

Vol. 1. The Induction of Electric Currents *5 50' 

Vol. II. The Utilization of Induced Currents 5 50' 

Propagation of Electric Currents 8vo, *3 00 

A Handbook for the Electrical Laboratory and Testing Room. Two 

Volumes 8vo, each, *6 50- 

Fleury, P. Preparation and Uses of White Zinc Paints 8vo, *3 50 

Flynn, P. J. Flow of Water. (Science Series No. 84.) i2mo, o 50- 

' Hydraulic Tables. (Science Series No. 66.) i6mo, o so- 

Forgie, J. Shield Tunneling Svo. (In Press.) 

Foster, H. A. Electrical Engineers' Pocket-book. {Seventh Edition.) 

izmo, leather, S <>«>• 

Engineering Valuation of Public Utilities and Factories Svo, *3 o<y 

Handbook of Electrical Cost Data 8vo (In Press.) 

Fowle,'^F. F. Overhead Transmission Line Crossings i2mo, *i so> 

The Solution of Alternating Current Problems Svo (In Press.) 

Fox, W. G. Transition Curves. (Science Series No. no.) i6mo, o so- 

Fox, W., and Thomas, C. W. Practical Course in Mechanical Draw- 
ing i2mo, I 25 

Foye, J. C. Chemical Problems. (Science Series No. 69.) i6mo, o 50 

Handbook of Mineralogy. (Science Series No. 86.) i6mo, o 50 

Francis, J. B. Lowell Hydratilic Experiments 4to, 15 00 

Franzen, H. Exercises in Gas Analysis i2mo, *i 00 

Freudemacher, P. W. Electrical Mining Installations. (Installation 

Manuals Series.) i2mo, *i oo- 

Friend, J. N. The Chemistry of Linseed Oil izmo, i 00 

Frith, J. Alternating Current Design Svo, *2 50 

Fritsch, J. Manufacture of Chemical Manures. Trans, by D. Grant. 

Svo, *6 50 

Frye, A. I. Civil Engineers' Pocket-book i2mo, leather, *s oa 

Fuller, G. W. Investigations into the Purification of the Ohio River. 

4to, *io oa 

Fumell, J. Paints, Colors, Oils, and Varnishes Svo. 

Gairdner, J. W. I. Earthwork Svo 1 /n Press.) 

-Gant, L. W. Elements of Electric Traction Svo, *2 so> 



D. VAN NOSTRAND CO.'S SHORT TITLE CATALOG ii 

Garcia, A. J. R. V. Spanish-English Railway Terms 8vo, *4 50 

Gardner, H. A. Paint Researches, and Their Practical Applications, 

8vo, *5 00 
Garforth, W. E. Rules for Recovering Coal Mines after Explosions and 

Fires i2mo, leather, i 50 

Garrard, C. C. Electric Switch and Controlling Gear 8vo, *6 00 

Gaudard, J. Foundations. (Science Series No. 34.) i6mo, o 50 

Gecr, H. B,, and Williams, P. F. Electric Central Station Distribution 

Systems 8vo, *3 50 

Geerligs, H. Cj P. Cane Sugar and Its Manufacture 8vo, *6 00 

Chemical Control in Cane Sugar Factories 4to, 5 00 

Geikie, J. Structural and Field Geology 8vo, \ 00 

Mountains. Their Growth, Origin and Decay 8vo, *4 00 

The Antiquity of Man in Europe 8vo, *3 00 

Georgi, F., and Schubert, A. Sheet Metal Working. Trans, by C. 

Salter 8vo, 4 25 

Gerhard, W. P. Sanitation, Watersupply and Sewage Disposal of Country 

Houses i2mo, *2 00 

Gas Lighting (Science Series No. in.) i6mo, o 50 

Household Wastes. (Science Series No. 97.) i6mo, o so 

■ House Drainage. (Science Series No. 63.) i6mo, 030 

— — Sanitary Drainage of Buildings. (Science Series No. 93.) i6mo, o 50 

Gerhardi, C. W. H. Electricity Meters 8vo, *6 00 

Geschwind, L. Manufacture of Alum and Sulphates. Trans, by C. 

Salter 8vo, *s 00 

Gibbings, A. H. Oil Fuel Equipment for Locomotives 8vo, *2 50 

Gibbs, W. E. Lighting by Acetylene i2mo, *i 50 

Gibson, A. H. Hydraulics and Its Application 8vo, *s 00 

Water Hammer in Hydraulic Pine Lines i2mo, *2 00 

Gibson, A, H., and Ritchie, E. G. Circular Arc Bow Girder 4to, *3 50 

Gilbreth, F. B. Motion Study i2mo, *2 00 

Bricklaying System 8vo, ^3 00 

Field System i2mo, leather, *3 00 

Primer of Scientific Management i2mo, *i 00 

Gillette, H. P. Handbook of Cost Data lamo, leather, *5 00 

Rock Excavation Methods and Cost izmo, *5 00 

' and Dana, R. T. Cost Keeping and Management Engineering. 8vo, *3 50 

and Hill, C. S. Concrete Construction, Methods and Cost .... 8vo, *5 00 

Gillmore, Gen. Q. A. Roads, Streets, and Pavements i2mo, i 25 

Godfrey, E. Tables for Structural Engineers i6mo, leather, *2 50 

Golding, H. A. The Theta-Phi Diagram i2mo, "2 00 

Goldschmidt, R. Alternating Current Commutator Motor 8vo, *3 00 

Goodchild, W. Precious Stones. (Westminster Series.) 8vo, *2 00 

Goodell, J. M. The Location, Construction and Maintenance of 

Roads 8vo, I 50 

Goodeve, T M. Textbook on the Steam-engine i2mo, 2 00 

Gore, G. Electrolytic Separation of Metals 8vo, *3 50 

Gould, E. S. Arithmetic of the Steam-engine i2mo, i 00 

Calculus. (Science Series No. 112.) i6mo, o 50 

— — High Masonry Dams. (Science Series No. 22.) i6mo. o 50 

Gould, E- S. Practical Hydrostatics and Hydrostatic Formulas. (Science 

Series No. 117.) i6mo, o 50 



12 D. VAN NOSTRAND CO.'S SHORT TITLE CATALOG 

Gratacap, L. P. A Popular Guide to Minerals • 8vo, 

Gray, J. Electrical Influence Machines iimo, 

Marine Boiler Design i2ino, 

Greenhill, G. Dynamics of Mechanical Flight 8vo, 

Gregorius, R. Mineral Waxes. Trans, by C. Salter i2in«, 

Grierson, B. Some Modern Methods of Ventilation 8vo, 

Griffiths, A. B. A Treatise on Manures izmo, 

Dental Metallurgy 8vo, 

Gross, E. Hops 8vb, 

Grossman, J. Ammonia and Its Compounds izmo, 

Groth, L. A. Welding and Cutting Metals by Gases or Electricity. 

(Westminster Series) • -Svo, 

Grover, F. Modern Gas and Oil Engines 8W), 

Gruner, A. Power-loom Weaving 8vo, 

Grunsky, C. E. Topographic Stadia Surveying i6mo, 

GUldner, Hugo. Internal Combustion Engines. Trans, by H. Diederichs. 

4to, ' 

GVnther, C. 0. Integration Svo, 

Guraen, li. L. Traverse Tables folio, half morocco, 

Guy, A. E. Experiments on the Flexure of Beams Svo, 

Haenig, A. Emery and Emery Industry Svo, 

Hainbach, R. Pottery Decoration. Trans., by C. Salter i2mo, 

Hale, W. J. Calculations of General Chemistry i2mo, 

Hall, C. H. Chemistry of Paints and Paint Vehicles i2mo, 

Hall, G. L. Elementary Theory of Alternate Current Working. .. .8vo, 

Hall, R. H. Governors and Governing Mechanism lamo, 

Hall, W. S. Elements of the Differential and Integral Calculus Svo, 

Descriptive Geometry Svo volume and a 4to atlas, 

Haller, G. F., and Cunningham, E. T. The Tesla Coil i2mo, 

Halsey, F. A. Slide Valve Gears i2mo, 

The Use of the Slide Rule. (Science Series No. 114.) i6mo, 

Worm and Spiral Gearing. (Science Series No. 116.) i6mo, 

Hancock, H. Textbook of Mechanics and Hydrostatics Svo, 

Hancock, W. C. Refractory Materials. (Metallurgy Series.) (/» Press.) 

Hardy, E. Elementary Principles of Graphic Statics i2mo, *i 50 

Haring, H. Engineering Law.' 

Vol. I. Law of Contract 8vo, *4 00 

Harper, J. H. Hydraulic Tablesi on the Flow of Water .i6mo, *2 00 

Harris, S. M. Practical Topographical Surveying (In Press!) 

Harrison, W. B. The Mechanics' Tool-book i2mo. 

Hart, J. W. External Plumbing Work 8vo, 

Hints to Plumbers on Joint Wiping 8vo, 

Principles of Hot Water Supply 8vo, 

Sanitary Plumbing and Drainage. 8vo, 

Haskins, C. H. The Galvanometer and Its Uses i6mo, 

Hatt, J. A. H. The Colorist square i2mo, 

Hausbrand, E. Drying by Means of Air and Steam. Trans, by A. C. 

Wright i2mo, 

Evaporating, Condensing and Cooling Apparatus. Trans, by A. C. 

Wright Svo, ="7 25 
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D VAN NOSTRAND CO.'S SHORT TITLE CATALOG 13 

Hausmans, E. Telegraph Engineering 8vo, 

Hausner, A. Manufacture of Preserved Foods and Sweetmeats. Trans. 

by A. Morris and H. Robson 8to, 

Hawkesworth, J. Graphical Handbook for Reinforced Concrete Design. 

4to, 

Hay, A. Continuous Current Engineering 8vo, 

Hayes, H. V. Public Utilities, Their Cost New and Depreciation. . .8vo, 

Public Utilities, Their Fair Present Value and Return 8vo, 

Heath, F. H. Chemistry of Photography 8vo. (In Press.) 

Heather, H. J. S. Electrical Engineering 8vo, 

Heaviside, O. Electromagnetic Theory. Vols. I and II. . . .8vo, each, 

Vol. m 8vo, 

Heck, R. C. H. The Steam Engine and Turbine 8vo, *3 50 

Steam-Engine and Other Steam Motors. Two Volumes. 

Vol. I. Thermodynamics and the Mechanics 8vo, *3 50 

Vol. II. Form, Construction, and Working 8vo, *s 00 

Notes on Elementary Kinematics 8vo, boards, *i 00 

Graphics of Machine Forces 8vo, boards, *i 00 

Heermann, P. Dyers' Materials. Trans, by A. C. Wright i2mo, *3 00 

Heidenreich, E. L. Engineers' Pocketbook of Reinforced Concrete, 

i6mo, leather, *$ 00 

Hellot, Macquer and D'Apligny. Artof Dyeing Wool,, Silk and Cotton. 8vo, *2 00 

Henrici, 0. Skeleton Structures Svo, i 50 

Bering, C, and Getman, F. H. Standard Tables of Electro-Chemical 
Equivalents i2mo, 

Bering, D. W . Essentials of Physics for College Students Svo, 

Hering-Shaw, A. Domestic Sanitation and Plumbing. Two Vols.. .8vo, 

Hering-Shaw, A. Elementary Science 8vo, 

Hcrington, C. F. Powdered Coal as Fuel Svo, 

Herrmann, G. The Graphical Statics of Mechanism. Trans, by A. P. 

Smith i2mo, 

Herzfeld, J. Testing of Yarns and Textile Fabrics 8vo, 

Hildebrandt, A. Airships, Past and Present 8vo, 

Hildenbrand, B. W. Cable-Making. (Science Series No. 32.) i6mo, 

Hilditch, T. P. A Concise History of Chemistry i2ma. 

Hill, C. S. Concrete Inspection i6mo, 

HilL J. W. The Purification of Public Water Supplies. New Edition. 

(/n Press.) 

Interpretation of Water Analysis (In Press.) 

Hill, M. J. M. The Theory of Proportion Svo, *2 50 

Hillhouse, P. A. Ship Stability and Trim Svo, 4 5° 

Hiroi, I. Plate Girder Construction. (Science Series No. 95.) . . i6mo, o 50 
Statically-Indeterminate Stresses izmo, *2 00 

Hirshfeld, C. F. Engineering Thermodynamics. (Science Series No. 45.) 

i6mo, o 50 

Hoar, A. The Submarine Torpedo Boat iznio, *2 00 

Hobart, H. M. Heavy Electrical Engineering Svo, *4 50 

Design of Static Transformers "mo, *2 00 

Electricity 8vo, *2 00 

Electric Trains 8vo, *2 50 

Electric Propulsion of Ships 8vo, *2 50 
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^Holiart, J. T. Hard Soldering, Soft Soldering and Brazing .i2mo, *i off 

Hobbs, W. R. P. The Arithmetic of Electrical Heasurements.^. .i2mo, o 75 

Jloft, J. N. Paint and Varnish Facts and Formtdas i2mo, *i 50 

Hole, W. The Distribution of Gas 8vo, *8 50 

Bolley, A. L. Railway Practice folio, 6 00 

Hopkins, N. M. Model Engines and Small Boats i2mo, i 23 

Hopkinson, J., Shoolbred, J. N., and Day, R. E. Dynamic Electricity. 

(Science Series No. 71.) i6mo, o 50 

MMX^Tf J. Practical Ironfounding 8vo, *2 00 

Sear Cutting, in Theory and Practice 8vo, *3 00 

Horniman, Roy. How to Make the Railways Pay For the War 8vo, 3 00 

Houghton, C. E. The Elements of Mechanics of Materials i2mo, *2 00 

Houstoun, R. A. Studies in Light Production i2mo, 2 00 

Hovenden, F. Practical Mathematics for Young Engineers i2mo, *i 50 

Howe, G. Mathematics for the Practical Man.- i2mo, *i 25 

Howorth, J. Repairing and Riveting Glass, China and Earthenware. 

8vo, paper, *i 00 

Hoyt, W. E. Chemistry by Experimentation 8vo, *o 70 

Hubbard, E. The Utilization of Wood-waste 8vo, *3 00 

Hiibner, J. Bleaching and Dyeing of Vegetable and Fibrous Materials. 

(Outlines of Industrial Chemistry.) 8vo, *5 00 

Hudson, 0. F. Iron and Steel. (Outlines of Industrial Chemistry.) .8vo, *2 00 
Humphrey, J. C. W. Metallography of Strain. (Metallurgy Series.) 

(/n Press.) 
Humphreys, A. C. The Business Features of Engineering Practice.. 8vo. *i 25 

Hunter, A. Bridge Work 8vo. (In Press.) 

Hurst, G. H. Handbook of the Theory of Color 8vo, 

Dictionary of Chemicals and Raw Products 8vo, 

— ■ — Lubricating Oils, Fats and Greases 8vo, 

Soaps 8vo, 

Hurst, G. H., and Simmons, W. H. Textile Soaps and Oils 8vo, 

Hurst, H. E., and Lattey, R. T. Text-book of Physics 8vo, 

Also published in three parts. 

Part I. Dynamics and Heat *i 25 

Part II. Sound and Light *i 25 

Part III. Magnetism and Electricity *i 50 

fiutchinson, R. W., Jr. Long Distance Electric Power Transmission. 

i2mo, *3 00 
Hutchinson, R. W., Jr., and Thomas, W. A. Electricity in Mining. i2mo, 

(In Press.) 
Hutchinson, W. B. Patents and How to Make Money Out of Them. 

i2mo, I 00 

Button, W. S. The Works' Manager's Handbook 8vo, 6 00 

Hyde, E. W. Skew Arches. (Science Series Ifo. 15.) i6mo, o so 

Hyde, F. S. Solvents, Oils, Gums, Waxes 8vo, *2 00 
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Induction Coils. (Science Series No. 53.) i6mo o so 

Ingham, A. E. Gearing. A practical treatise - ' 

Ingle, H. Manual of Agricultural Chen 
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Inness, C. H. Problems in Machine Design i2mo, *3 00 

Air Compressors and Blowing Engines i2mo, 

Centrifugal Pumps izmo, *3 00 

The Fan i2mo, "4 00 

Jacob, A., and Gould, E. S. On the Designing and Construction of 

Storage Reservoirs. (Science Series No. 6) .i6mo, o 50 

.Jaimettaz, E. Guide to the Determination of Rocks. Trans, by G. W. 
Plympton lamo, 

Jehl, F. Manufacture of Carbons 8vo, 

Jennings, A. S. Commercial Paints and Painting. (Westminster Series. ) 

8vo, 

Jeimison, F. H. The Manufacture of Lake Pigments 8vo, 

.Jepson, G. Cams and the Principles of their Construction 8vo, 

Mechanical Drawing 8vo (/n Praparalion.) 

.Jervis-Smith, P.. J. Dynamometers 8vo, 

Jockin, W. Arithmetic of the Gold and Silversmith i2mo, 

Johnson, J. H. Arc Lamps and Accessory Apparatus. (Installation 

Manuals Series.) i2mo, *o 75 

Johnson, T. M. Ship Wiring and Fitting. (Installation Manuals Series.) 

i2mo, *o 75 

Johnson, W. McA. The Metallurgy of Nickel (In Preparation.) 

Johnston, J. F. W., and Cameron, C. Elements of Agricultural Chemistry 

and Geology i2mo, 

Joly, J. Radioactivity and Geology i2mo, 

Jones, H. C. Electrical Nature of Matter and Radioactivity i2mo, 

Nature of Solution 8vo, 

New Era in Chemistry i2mo, 

Jones, J. H. Tinplate Industry 8vo, 

Jones,. M. W. Testing Raw Materials Used in Paint izmo, 

Jordan, L. C. Practical Railway Spiral i2mo, leather, 

Joynson, F. H. Designing and Construction of Machine Gearing . . 8vo, 
Jiiptner, H, F, V. Siderology: The Science of Iron 8vo, 

Eapp, G. Alternate Current Machinery. (Science Series No. 96.). i6mo, 
Kapper, F. Overhead Transmission Lines 4to, 



*4 


00 


*4 


00 


*3 


00 


*i 


SO 


*3 


SO 


*i 


00 



2 


60 


"3 


00 


♦2 


00 


*3 


50 


*2 


00 


*3 


00 


*3 


00 


♦i 


50 


2 


00 


*6 


25 





50 


■^4 


00 



Keller, S. S. Mathematics for Engineering Students. 1 2mo, half leather. 

and Knox, W. E. Analytical Geometry and Calculus *2 00 

Kelsey, W. R. Continuous-current Dynamos and Motors 8vo, *2 50 

Kemble, W. T., and TJnderhill, C. R. The Periodic Law and the Hydrogen 

Spectrum 8vo, paper, *o sp 

Kemp, J. F. Handbook of Rocks 8vo, 'i 50 

Kennedy, A. B. W., and Thurston, R. H. Kinematics of Machinery. 

(Science Series No. 54.) i6mo, o 50 

Kennedy, A. B. W., Unwin, W. C, and Well, F. E. Compressed Air. 

(Science Series No. 106.) i6mo, o so 
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Kennedy, R. Electrical Installations. Five Volumes 4*0, 

Single Volumes each, 

Flying Machines ; Practice and Design izmo, 

Principles of Aeroplane Construction 8vo, 

Kennelly, A. E. Electro-dynamic Machinery 8vo, 

Kent, W. Strength of Materials. (Science Series No. 41.) i6mo, 

Kershaw, J. B. C. Fuel, Water arid Gas Analysis 8vo, 

Electrometallurgy. (Westminster Series.) 8vo, 

■ • The Electric Furnace in Iron and Steel Production i2mo, 

Electro-Thermal Methods of Iron and Steel Production 8vo, 

Kindelan, J. Trackman's Helper i2mo, 

Kinzbrunner, C. Alternate Current Windings 8vo, 

Continuous Current Armatures 8vo, 

Testing of Alternating Current Machines 8vo, 

Kirkaldy, A.. W., and Evans, A. D. History and Economics of 

Transport 8vo, 

Kirkaldy, W. G. David Kirkaldy's System of Mechanical Testing. .4to, 

Kirkhride, J. Engraving for Illustration 8vo, 

Kirkham, J. E. Structural Engineering 8vo, 

Elirkwood, J. P. Filtration of River Waters 4to, 

Kirschke, A. Gas and Oil Engines i2mo, 

Klein, J. F. Design of a High-speed Steam-engine 8vo, 

— — Physical Significance of Entropy 8vo, 

Klingenberg, G. Large Electric Power Stations 4to, 

Knight, R.-Adm. A. M. Modern Seamanship 8vo, 

Pocket Edition i2mo, f abrikoid, 

Knott, C. G., and Mackay, J. S. Practical Mathematics 8vo, 

Knox, G. D. Spirit of the Soil izmo, 

Knox, J. Physico-Chemical Calculations izmo, 

■ Fixation of Atmospheric Nitrogen. (Chemical Monographs.) . izmo, 

Koester, F. Steam-Electric Power Plants 4to, 

Hydroelectric Developments and Engineering 4to, 

Koller, T. The Utilization of Waste Products 8vo, 

^Cosmetics 3vo, 

Koppe, S. W. Glycerine , izmo, 

Kozmin, P. A. Flour Milling. Trans, by M. Falkner 8vo, 

Kremann, R. Application of the Physico-Chemical Theory to Tech- 
nical Processes and Manufacturing Methods. Trans, by H. 

E. Potts 8vo, 

Kretchmar, K. Yarn and Warp Sizing 8vo, *6 25 

Laffargue, A. Attack in Trench Warfare .,.l6mo, o 50 

Lallier, E. V. Elementary Manual of the Steam Engine izmo, *2 00 

Lambert, T. Lead and Its Compounds.. 8vo, *4.25 

Bone Products and Manures gvo *4 25 

Lamborn, X. L. Cottonseed Products gvo "3 00 

Modern Soaps, Candles, and Glycerin gyo ' *» -^ 

Lamprecht, R. Recovery Work After Pit Fires. Trans, by C. Salter. 8vo', *6 25 

Lancaster, M. Electric Cooking, Heating and Cleaning 8vo, *i 00 

Lanchester, F. W. Aerial Fliglit. Two Volumes. 8vo. 

Vol. I. Aerodynamics *6 00 

Vol. IL AeroflniPt'cs , *6 00 



15 


00 


3 

*2 


SO 

50 


*2 


bo 


I 


SO 





SO 


*2 


SO 


*2 


00 


^3 


00 


2 


00 


*I 


50 


*I 


SO 


"2 


00 


"2 


00 


10 

*5 


00 
75 
00 


7 

*i 


SO 

50 


*S 


00 


*i 
*5 


50 

00 


*6 


50 


3 


00 


2 

*I 


50 

25 


*I 


25 


*I 


00 


*5 


00 


*5 
*6 
*3 

*4 


00 

50 
00 
25 


7 


50 


*3 


00 



D. VAN NOSTRAXD CO.'S SHORT TITLE CATALOG 17 

Lanchester, F. W. The Flying Machine 8to, *3 00 

Industrial Engineering: Present and Post-War Outlook. . .i2nio, i 00 

Lange, K. R. By-Products of Coal-Gas Manufacture i2mo, 3 00 

Lamer, E. T. Principles of Alternating Currents i2mo. 'i 2^ 

La Rue, B. F. Swing Bridges. (Science Series No. 107.) i6mo, t , 

Lassar-Cohn. Dr. Modem Scientific Chemistry. Trans, by M. M. 

Pattison Muir i2nio, '2 00 

Latimer, L. H., Field, C. J., and Howell, J.' W. Incandescent Electric 

Lighting. (Science Series No. 57.) i6mo, 

Latta, M. N. Handbook of American Gas-Engineering Practice . . Svo, 

American Producer Gas Practice 4to, 

Laws, B. C. Stability and Equilibrium of Floating Bodies Svo, 

Lawson, W. R. British Railways. A Financial and Commercial 

Survey Svo, 

Leask, A. R. Breakdowns at Sea i2mo, 

Refrigerating Machinery i2mo, 

Lecky, S. T. S. "Wrinkles" in Practical Navigation Svo, 

Pocket Edition i2mo, 

Danger Angle i6mo, 

Le Doux, M. Ice-Making Machines. (Science Series No. 46.) . . i6mo, 

Leeds, C. C. Mechanical Drawing for Trade Schools oblong 4to, 

Mechanical Drawing for High and Vocational Schools 4to, 

Leffivre, L. Architectural Pottery. Trans, by H. K. Bird and W. M. 

Binns 4to, 

Lehner, S. Ink Manufacture. Trans, by A. Morris and H. Robson.Svo, 

Lemstrom, S. Electricity in Agriculture and Horticulture Svo, 

Letts, E. A. Fundamental Problems in Chemistry Svo, 

Le Van, W. B. Steam-Engine Indicator. (Science Series No. 78.)i6mo, 
Lewes, V. B. Liquid and Gaseous Fuels. (Westminster Series.) . .8vo, 

Carbonization of Coal Svo, 

Lewis, L. P. Railway Signal Engineering Svo, 

Lewis Automatic Machine Rifle ; Operation of i6mo. 

Licks, H. E. Recreations in Mathematics i2mo, 

Lieber, B. F. Lieber's Five Letter American Telegraphic Code .8vo, 

. Spanish Edition 8vo, 

French Edition Svo, 

Terminal Index 8vo, 

Lieber's Appendix folio, 

Handy Tables 4to, 

Bankers and Stockbrokers' Code and Merchants and Shippers' 

Blank Tables 8to, 

100,000,000 Combination Code 8vo, 

Engineering Code 8vo, 

Livennore, V. P., and Williams, J. How to Become a Competent Motor- 
man I2™0. 

Livingstone, R. Design and Construction of Commutators Svo, 

Mechanical Design and Construction of Generators Svo, 

Lloyd, S. L. Fertilizer Materials lamo, 

Lobben, P. Machinists' and Draftsmen's Handbook Svo, 

Lockwood, T. D. ElectiicifV; Magnetism, and Electro-telegraph Svo, 

Electrical Measurement and the Galvanometer i2mo, 075 
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Lodge, O. J. Elementaiy Mechanics i2mo, i 50 

Signalling Across Space without Wires 8to, "2 00 

Loewenstein, L. C, and Crissey, C. P. Centrifugal Pumps '4 So 

Lomax, J. W. Cotton Spinning i2nio, i 50 

Lord, R. T. Decorative and Fancy Fabrics 8vo, *4 25 

Loring, A. E. A Handbook of the Electromagnetic Telegraph i6mo o 50 

— — Handbook. (Science Series No. 39.) i6m, o 50° 

Lovell, D. H. Practical Switchwork izmd, *i 00 

Low, D. A. Applied Mechanics (Elementary) i6mo, o 80 

Lubschez, B. J. Perspective i2mo, 'i 50 

Lucke, C. E. Gas Engine Design 8vo, '3 00 

Power Plants: Design, Efficiency, and Power Costs. 2 vols. 

(Jn Preparation.) 

Luckiesh, M. Color and Its Application 8vo, *3 00 

Light and Shade and Their Applications 8vo, *2 50 

Lunge, G. Coal-tar and Ammonia. Three Volumes Svo, *25 00 

Technical Gas Analysis Svo, *4 50 

Manufacture of Sulphuric Acid and Alkali. Four Volumes .... 8vo, 

Vol. I. Sulphuric Acid. In three parts *i8 00 

Vol. I. Supplement Svo, 5 00 

Vol. n. Salt Cake, Hydrochloric Acid and Leblanc Soda. In two 

parts {In Press.) 

Vol. III. Ammonia Soda (In Press.) 

Vol. rv. Electrolytic Methods (In Press.) 

Technical Chemists' Handbook i2mo, leather, *4 00 

Technical Methods of Chemical Analysis. Trans, by C. A. Keane 

in collaboration with the corps of specialists. 

Vol. I. In two parts 8vo, ""15 00 

Vol. n. In two parts 8vo, *i8 00 

Vol. HI. In two parts 8vo, *i8 00 

The set (3 vols.) complete *go 00 

Luquer, L. M. Minerals in Rock Sections 8vo, *i 50 

MacBride, J. D. A Handbook of Practical Shipbuilding, 

i2mo, fabrikoid, 2 00 

Macewen, H. A. Food Inspection " 8vo *2 so 

Mackenzie, N. F. Notes on Irrigation V^orks 8vo '2 go 

Mackie, J. How to Make a Woolen Mill Pay .Svo, *2 25 

Maguire, Wm. R. Domestic Sanitary Drainage and Plumbing . . . .8vo, 4 00 

Malcolm, C. W. Textbook on Graphic Statics 8vo, *3 00 

Malcolm, H. W. Submarine Telegraph Cable _' g 50 

Mallet, A. Compound Engines. Trans, by R. R. Buel. (Science Series 

No. 10.) i6nio, 

Mansfield, A. N. Electro-magnets. (Science Series No. 64.) . . . i6mo o 50 

Marks, E. C. R. Construction of Cranes and Lifting Machinery. .i2mo, *2 00 

— — Construction and Working of PnniTis i2mo 

Manufacture of Iron and Steel Tubes i2mo "2 00 

Mechanical Engineering Materials i2mo, *i 50 

Marks, G. C. Hydraulic Power Engineering .gvo, 4 50 

— — Inventions, Patents and Dssigns i2mo, 'i 00 

Marlow, T. G. Drying Machinery and Practice 8vo, "g 00 
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Alarsh, C. F. Concise Treatise on Reinforced Concrete 8vo, *2 50 

■ Reinforced Concrete Compression Member Diagram. Mounted on 

Cloth Boards 'i . 50 

Marsh, C. F., and Dunn, W. Manual of Reinforced Concrete and Con- 
crete Block Construction i6mo, fabrikoid (/« Press.) 

Marshall, W. J., and Sankey, H. R. Gas Engines. (Westminster Series.) 

8vo, 

Martin, G. Triumphs and Wonders of Modem Chemistry 8vo, 

Modern Chemistry and Its Wonders 8vo, 

Martin, N. Properties and Design of Reinforced Concrete i2mo, 

Martin, W. D. Hints to Engineers i2mo, 

Massie, W. W., and Underhill, C. R. Wireless Telegraphy and Telephony. 
» ~ i2mo, 
JIathot, R. E. Internal Combustion Engines 8vo, 

Maurice, W. Electric Blasting Apparatus and Explosives 8vo, 

Shot Firer's Guide 870, 

Maxwell, F. Sulphitation in White Sugar Manufacture iimo, 

Maxwell, J. C. Matter and Motion. (Science Series No. 36.). 

i6mo, o so 
Maxwell, W. H., and Brown, J. T. Encyclopedia of Municipal and Sani- 
tary Engineering 4to, 'lo 00 

Mayer, A. M. Lecture Notes on Physics 8vo, 2 00 

JMayer, C, and Slippy, J. C. Telephone Line Construction 8vo, *3 00 

McCullough, E. Practical Surveying i2mo, *2 00 

Engineering Work in Cities and Towns 8vo, *3 00 

Reinforced Concrete i2mo, *i 50 

McCullough, R. S. Mechanical Theory of Heat 8vo, 3 50 

McGibbon, W. C. Indicator Diagrams for Marine Engineers 8vo, *3 50 

Marine Engineers' Drawing Book oblong 4to, *2 50 

McGibbon, W. C. Marine Engineers Pocketbook i2mo, *4 50 

Mcintosh, J. G. Technology of Sugar 8vo, *j 25 

Industrial Alcohol 8vo, ^4 25 

Manufacture of Varnishes and Kindred Industries. Three Volumes. 

8vo. 

Vol. I. Oil Crushing, Refining and Boiling 

Vol. II. Varnish Materials and Oil Varnish Making ''6 25 

Vol. III. Spirit Varnishes and Materials *'7 25 ' 

McKay, C. W. Fundamental Principles of the Telephone Business. 

8vo. (/« Press.) 

McKillop, M., and McKillop, A. D. EfiSciency Methods i2mo, i 50 

McKnight, J. D., and Brown, A. W. Marine Multitubular Boilers *2 50 

m cMaster, J. B. Bridge and Tunnel Centres. (Science Series No. 20.) 

i6mo, o 50 

IVIcMechen, F. L. Tests for Ores, Minerals and Metals i2mo, 'i 00 

McPherson, J. A. Water-works Distribution 8vo, 2 50 

Meade, A. Modern Gas Works Practice 8vo, *8 50 

Meade, R. K. Design and Equipment of Small Chemical Laboratories, 

8vo, 

Melick, C. W. Dairy Laboratory Guide i2mo, *i 25 

Mensch, L. J. Reinforced Concrete Pocket Book i6mo, leather, *4 00 

Merck, E. Chemical Reagents; Their Purity and Tests. Trans, by 

H. E. Schenck 8vo, i 00 

Meriva!«, J. H. Notes and Formulae for Mining Students i2mo, i 50 

Merritt, Wm. H. Field Testing for Gold and Silver i6mo, leather, a 00 
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Mertens. Tactics and Technique of River Crossings. Translated by 

W. Kruger .8vo, 2 50 

Mierzinski, S. Waterproofing of Fabrics. Trans, by A. Morris and H. 

Robson 8ve, *3 00 

Miessner, B. F. Radio Dynamics lamo, *2 00 

Miller, G. A. Determinants. (Science Series No 105.) i6mo, 

Miller, W. J. Introduction to Historical Geology izmo, *2 00 

Milroy, M. E. W. Home Lace-making i2mo, *i 00 

Mills, C. N. Elementary Mechanics for Engineers 8vo, *i 00 

Mitchell, C. A. Mineral and Aerated Waters 8vo, *3 00 

Mitchell, C. A., and Prideaux, R. M. Fibres Used in Textile and Allied 

Industries 8vo, *3 00 

Mitchell, C. F., and G. A. Building Construction and Drawing. i2mo. 

Elementary Course *i 50 

Advanced Course *2 50 

Monckton, C. C. F. Radiotelegraphy. (Westminster Series.) 8vo, *2 00 

Monteverde, R. D. Vest Pocket Glossary of English-Spanish, Spanish- 
English Technical Terms 64mo, leather, *i 00 

Montgomery, J. H. Electric Wiring Specifications i6mo, *i 00 

Moore, E. C. S. New Tables for the Complete Solution of Ganguillet and 

Kutter's Formula Svo, *5 00 

Moore, Harold. Liquid Fuel for Internal Combustion Engines ... Svo, 5 00 
Morecroft, J. H., and Hehre, F. W. Short Course in Electrical Testing. 

Svo, 

I^organ, A. P. Wireless Telegraph Apparatus for Amateurs i2mo, 

Morgan, C. E. Practical Seamanship for the Merchant Marine, 

i2mo, fabrikoid {In Press.) 

Moses, A. J. The Characters of Crystals Svo, 

and Parsons, C. L. Elements of Mineralogy Svo, 

Moss, S.A. Elements of Gas Engine Design. (Science Series No.i2i.)i6mo, 

• The Lay-out of Corliss Valve Gears. (Science Series No. ii9.)i6mo, 

Mulford, A. C. Boundaries and Landmarks i2mo, 

MuUin, J. P. Modem Moulding and Pattern-making i2mo, 

Munby, A. E. Chemistry and Physics of Building Materials. (West- 
minster Series.) Svo, 

Murphy, J. G. Practical Mining i6mo, 

.Murray, J. A. Soils and Manures. (Westminster Series.) Svo, 



Nasmith, J. The Student's Cotton Spinning Svo, 

• Recent Cotton Mill Construction i2mo, 

Neave, G. B., and Heilbron, I. M. Identification of Organic Compounds. 

i2mo, 

Neilson, R. M. Aeroplane Patents 8vo, 

Nerz, F. Searchlights. Trans, by C. Rodgers 8vo, 

Neuberger, H., and Noalhat, H. Technology of Petroleum. Trans, by 

J. G. Mcintosh 8vo, 

Wewall, J. W. Drawing, Sizing and Cutting Bevel-gears Svo, 

Newbigin, M. I., and Flett, J. S. James Geikie, the Man and the 

Geologist 8vo, 

Newbeging, T. Handbook for Gas Engineers and Managers Svo' 

Newell, F. H., and Drayer, C. E. Engineering as a Career. .i2mo, cloth, 

paper, 

Nicol, G. Ship Construction and Calculations _ . .gvo, *io 00 

Nipher, F. E. Theory of Magnetic Measurements i2mo, i 00 
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Wiabet, H. Grammar of Textile Design 8vo, 

Nolan, H. The Telescope. (Science Series No. 51.) i6mo, 

None, J. W. Epitome of Navigation {2 Vols.) octavo, 

A Complete Set of Nautical Tables with Explanations of Their 

Dse octavo. 

North, H. B. Laboratory Experiments in General Chemistry i2mo, 

Nugent, E. Treatise on Optics iimo, 

O'Connor, H. The Gas Engineer's Pocketbook iimo, leather, 

Ohm, G. S., and Lockwood, T. D. Galvanic Circt/it Translated by 

William Francis. (Science Series No. 102 , i6mo, 

Olsen, J. C. Text-book of Quantitative ChemiCil Analysis 8vo, 

Olsson, A, Motor Control, in Turret Turning and Gun Elevating. (U. S. 

Navy Electrical Series, No. i.) i2mo, paper, 

Ormsby, M. T. M. Surveying i2mo 

Oirdin, M. A. 'Standard Polyphase Apparatus and Systems 8vo, 

■Owen, D. Recent Physical Research 8vo, 

Pakes, W. C. C, and Nankivell, A. T. The Science of Hygiene . .8vo, 
Palaz, A. Industrial Photometry. Trans, by G. W. Patterson, Jr , . 8vo, 

Palmer, A. R. Electrical Experiments i2mo, 

Magnetic Measurements and Experiments i2mo, 

Pamely, C. Colliery Manager's Handbook 8vo, *io 00 

Parker, P. A. M. The Control of Water 8vo, *5 00 

Parr, G. D. A. Electrical Engineering Measuring Instruments. .. .8vo, *3 50 
Parry, E. J. Chemistry of Essential Oils and Artificial Perfumes. ... 10 00 

• Foods and Drugs. Two Volumes. 

Vol. I. Chemical and Microscopical Analysis of Foods and Drugs. '^lo 00 

Vol. II. Sale of Food and Drugs Act *4 25 

and Coste, J. H. Chemistry of Pigments 8vo, *6 50 

Parry, L. Notes on Alloys 8vo, 

Metalliferous Wastes 8vo, 

Analysis of Ashes and Alloys 8vo, 

Parry, L. A. Risk and Dangers of Various Occupations 8vo, 

Parshall, H. F., and Hobart, H. M. Armature Windings 4to, 

Electric Railway Engineering 4to, ' 

Parsons, J. L. Land Drainage 8vo, 

Parsons, S. J Malleable Cast Iron 8vo, 

Partington, J. R. Higher Mathematics for Chemical Students. .lamo, 

Textbook of Thermodynamics 8vo, 

The Alkali Industry 8vo, 

Passmore, A. C. Technical Terms Used in Architecture 8vo, 

Patchell, W. H. Electric Power in Mines 8vo, 

Paterson, G. W. L. Wiring Calculations i2mo, 

Electric Mine Signalling Installations i2mo, 

Patterson, D. The Color Printing of Carpet Yarns 8vo, 

Color Matching on Textiles 8vo, 

Textile Color Mixing Svo^ 

Paulding, C. P. Condensation of Steam in Covered and Bare Pipes. .8vo, 

• Transmission of Heat through Cold-storage Insulation i2mo, 

Payne, D. W. Iron Founders' Handbook 8vo, 

Peckham, S. F. Solid Bitumens 8vo, 

Peddie, R. A. Engineering and Metallurgical Books i2mo, 

Peirce, B. System of Analytic Mechanics 4to, 

Linnear Associative Algebra 4to, 

Pendred, V. The Railwav Locomnriwp (Westminster Series.) 8vo, 
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Perkin, F. M. Practical Methods of Inorganic Chemistry i2mo, 

Perrin, J. Atoms 8vo, 

and Jaggers, E. M. Elementary Chemistry i2mo, 

Perrine, F. A. C. Conductors for Electrical Distribution 8vo, 

Petit, G. White Lead and Zinc White Paints 8vo, 

Petit, R. How to Build an Aeroplane. Trans, by T. O'B. Hubbard, and 

J. H. Ledeboer 8vo, 

Pettit, Lieut. J. S. Graphic Processes. (Science Series Ho. 76.) . . . i6mo, 
Philbrick, P. H. Beams and Girders. (Science Series No. 88.) . . . i6mo, 

Phillips, J. Gold Assaying 8vo, 

Dangerous Goods 8vo, 

Phin, J. Seven Follies of Science i2mo, 

Pickworth,' C. N. The Indicator Handbook. Two Volumes. . i2mo, each, 

Logarithms for Begiimers i2mo. boards, 

^The Slide Rule i2mo, 

Pilcher, R. B., and Butler-Jones, F. What Industry Owes to Chemical 

Science i2mo, 

Plattner's Manual of Blow-pipe Analysis. Eighth Edition, revised. Trans. 

by H. B. Cornwall 8vo, 

Plympton, G. W. The Aneroid Barometer. (Science Series No. 35.) i6mo, 

How to become an Engineer. (Science Series No. 100.) i6mo, 

Van Nostrand's Table Book. (Science Series No. 104.) i6mo, 

Pochet, M. L. Steam Injectors. Translated from the French. (Science 

Series No. 29.) i6mo. 

Pocket Logarithms to Four Places. (Science Series No. 65.) i6mo, 

leather, 

Polleyn, F. Dressings and Finishings for Textile Fabrics 8vo, 

Pope, F. G. Organic Chemistry i2mo. 

Pope, F. L. Modern -Practice of the Electric Telegraph 8vo, 

Popplewell, W. C. Prevention of Smoke 8vo, 

Strength of Materials 8vo, 

Porritt, B. D. The Chemistry of Rubber. (Chemical Monographs, 

No. 3.) lamo. 

Porter, J. R. Helicopter Flying Machine i2mo. 

Potts, H. E. Chemistry of the Rubber Industry. (Outlines of Indus- 
trial Chemistry) 8vo, 

Practical Compounding cf Oils, Tallow and Grease svo, 

Pratt, K. Boiler Draught i2mo, 

High Speed Steam Engines 8vo, 

Pray, T., Jr. Twenty Years with the Indicator 8Vo, 

Steam Tables and Engine Constant 8vo 

Prelini, C. Earth and Rock Excavation 8vo, 

Graphical Determination of Earth Slopes 8vo, 

Tunneling. New Edition 8vo, 

Dredging. A Practical Treatise 8vo, 

Prescott, A. B. Organic Analysis 8vo, 

Prescott, A. B., and Johnson, O. C. Qualitative Chemical Analysis. . .8vo, 
Prescott, A. B., and Sullivan, E. C. First Book in Qualitative Chemistry. 

i2mo, 

Prideaux, E. B. R. Problems in Physical Chemistry 8vo, 

The Theory and Use of Indicators 8vo, 

Primrose, G. S. C. Zinc. (Metallurgy Series.) (In Press.) 
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Prince, G. T. Flow of Water i2mo, 

Pull, E. Modern Steam Boilers .' 8vo, 

Pullen, W. W. F. Application of Graphic Methods to the Design of 

Structures i2mo, 

— -Injectors: Theory, Construction and Working i2mo, 

Indicator Diagrams 8vo, 

Engine Testing 8vo, 

Putsch, A. Gas and Coal-dust Firing 8vo, 

Pynchon, T. R, Introduction to Chemical Physics 8vo, 

Rafter G. W Mechanics of Ventilation. (Science Series No. 33.) . i6mo, 

Potable Water. (Science Series No. 103.) i6mo, 

Treatment of Septic Sewage. (Science Series No. ii8.)...i6mo. 

Rafter, G. W., and Baker, M. N. Sewage Disposal in the United States. 

4to, 

Raikes, H. P. Sewage Disposal Works 8vo, 

Randau, P. Enamels and Enamelling 8yo, *7 25 

Rankine, W. J. M. Applied Mechanics 8vo, 

Civil Engineering 8vo, 

Machinery and Millwork 8vo, 

The Steam-engine and Other Prime Movers 8vo, 

R<inkine, W. J. M., and Bamber, E. F. A Mechanical Text-book. . . . 8vo, 

Ransome, W. R. Freshman Mathematics i2mo, 

Raphael, F. C. Localization of Faults in Electric Light and Power Mains. 

8vo, 

Rasch, E. Electric Arc Phenomena. Trans, by K. Tornberg 8vo, 

Rathbone, R. L. B. Simple Jewellery 8vo, 

Rateau, A. . Flow of Steam through Nozzles and Orifices. Trans, by H. 

B. Brydon 8vo 

Rausenberger, F. The Theory of the Recoil Guns 8vo, 

Rautenstrauch, W. Notes on the Elements of Machine Design. 8vo, boards, 
Rautenstrauch, W., and Williams, J. T. Machine Drafting and Empirical 

Design. 

Part I. Machine Drafting 8vo, 

Part II. Empirical Design (In Preparation.) 

Raymond, E. B. Alternating Current Engineering i2mo, *2.5o 

Rayner, H. Silk Throwing and Waste Silk Spinning 8vo, 

Recipes for the Color, Paint, Varnish, Oil, Soap and Drysaltery Trades, 

8vo, *6 50 

Recipes for Flint Glass Making i2mo, "5 25 

Redfem, J. B., and Savin, J. Bells, Telephones (Installation Manuals 

Series.) i6mo, 'o 50 

Redgrove, H. S. Experimental Mensuration i2mo, "i 25 

Redwood, B. Petroleum. (Science Series No. 92.) i6mo, o So 

Reed, S. Turbines Applied to Marine Propulsion *5 00 

Reed's Engineers' Handbook 8vo, *9 00 

Key to the Nineteenth Edition of Reed's Engineers' Handbook. .Svo, 4 00 

Useful Hints to Sea-going Engineers i2mo, 3 00 

Reid, E. E. Introduction to Research in Organic Chemistry. (In Press.) 

Reid, H. A. Concrete and Reinforced Concrete Construction Svo, *5 00 

Reinhardt, C W. Lettering for Draftsmen, Engineers, and Students. 

oblong 4to, boards, i 00 
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Reinhardt, C. W. The Teplinic of Mechanical Drafting, 

oblong, 410, boards, 
Reiser, F. Hardening and Tempering of Steel. Trans, by A. Morris and 

H. Robson izmo, 

Reiser, N. Faults in the Manufacture of Woolen Goods. Trans, by A. 

Morris and H. Robson 8vo, 

Spinning and Weaving Calculations 8vo, 

Renwick, W. G. Marble and Marble Working 8vo, 

Reuleaux, F. The Constructor. Trans, by H. H. Suplee 4to, 

Reuterdahl, A. Theory and Design of Reinforced Concrete Arches. 8vo, 

Rey, Jean. The Range of Electric Searchlight Projectors 8vo, 

Reynolds, O., and Idell, F. E. Triple Expansion Engines. (Science 

Series No. 99.) i6mo, 

Rhead, G. F. Simple Structural Woodwork i^mo, 

Rhodes, H. J. Art of Lithography 8vo, 

Rice, J. M., and Johnson, W. W. A New Method of Obtaining the Differ- 
ential of Functions i2mo, 

Richards, W. A. Forging of Iron and Steel lamo, 

Richards, W. A., and North, H. B. Manual of Cement Testing. . . . i2mo, 

Richardson, J. The Modern Steam Engine 8vo, 

Richardson, S. S. Magnetism and Electricity i2mo, 

Rideal, S. Glue and Glue Testing 8vo, 

Riesenberg, F. The Men on Deck i2mo, 

Standard Seamanship for the Merchant Marine. lamo (//; Press.) 

Rimmer, E. J. Boiler Explosions, Collapses and Mishaps 8vo, 

Rings, F. Reinforced Concrete in Theory and Practice i2mo, 

Reinforced Concrete Bridges 4to, 

Ripper, W. Course of Instruction in Machine Drawing folio, 

Roberts, F. C. Figure of the Earth. (Science Series No. 79.) i6mo, 

Roberts, J., Jr. Laboratory Work in Electrical Engineering 8vo, 

Robertson, L. S. Water-tube Boilers 8vo, 

Robinson, J. B. Architectural Composition. .8vo, 

Robinson, S. W. Practical Treatise on the Teeth of Wheels. (Science 

Series No. 24.) i6mo, 

■ Railroad Economics. (Science Series No. 59.) i6mo, 

— — Wnought Iron Bridge Members. (Science Series No. 60.) i6mo, 

Robson, J. H. Machine Drawing and Sketching 8vo, 

Roebling, J. A. Long and Short Span Railway Bridges folio. 

Rogers, A. A Laboratory Guide of Industrial Chemistry 8v.o, 

. Elements of Industrial Chemistry . ; i2mo, 

Manual of Industrial Chemistry 8vo, 

Rogers, F. Magnetism of Iron Vessels. (Science Series No. 30.) . i6mo, 

Rohland, P. Colloidal and Crystalloidal State of Matter. Trans, by 

W. J. Britland and H. E. Potts i2mo, 

RoUinson, C. Alphabets Oblong, izmo, 

Rose, J. The Pattern-makers' Assistant 8vo, 

^^ Key to Engines and Engine-running i2mo. 

Rose, T. K. The Precious Melals. (Westminster Series.) 8vo, 

Rosenhain, W. Glass Manufacture. (Westminster Series.) 8vo, 

■ Physical liietallurgy, ' An Introduction to. (Metallurgy Series.) 

8vo, 
Roth, W. A. Physical Chemistry --r-i 
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Kowan, F. J. Practical Physics of the Modem Steam-boiler 8vo, *3 00 

— ^and Idell, F. E. Boiler Incrustation and Corrosion. (Science 

Series No. 27.) i6mo, 

Roxburgh, W. General Foundry Practice. (Westminster Series.) . 8vo, 
Ruhmer, E. Wireless Telephony. Trans, by J. Erskine-Murray. .8vo, 

Russell, A. Theory of Electric Cables and Networks Svo, 

Rust, A.' Practical Tables for Navigators and Aviators Svo, 

Rutley, F. Elements of Mineralogy i2mo, 

Sandeman, E. A. Notes on the Manufacture of Earthenware. .. i2mo, 

Sanford, P. G. Nitro-explosives Svo, 

Saunders, C. H. Handbook of Practical Mechanics i6mo, 

leather, 

Sayers, H. M. Brakes for Tram Cars Svo, 

Scheele, C. W. Chemical Essays Svo, 

Scheithauer, W. Shale Oils and Tars Svo, 

Scherer, R. Casein. Trans, by C. Salter Svo, 

Schidrowitz, P. Rubber, Its Production and Industrial Uses Svo, 

Schindler, K. Iron and Steel Construction Works izmo, 

Schmall, C. N. First Course in Analytic Geometry, Plane and Solid. 

i2mo, half leather, 

Schmeer, L. Flow of Water Svo, 

Schumann, F. A Manual of Heating and Ventilation. . . .i2mo, leather, 

Schwarz, E. H. L. Causal Geology Svo, 

Schweizer, V. Distillation of Resins Svo, 

Scott, W. W. Qualitative Analysis. A Laboratory Manual. New 

Edition 

Standard Methods of Chemical Analysis Svo, 

Scribner, J. M. Engineers' and Mechanics' Companion. .i6mo, leather, i 50 
Scudder, H. Electrical Conductivity and Ionization Constants of 

Organic Compounds Svo, ♦$ 00 

Seamanship, Lectures on i2mo (In Press.) 

Searle, A. B. Modern Brickmaking. Svo, "725 

Cement, Concrete and Bricks Svo, *6 50 

Searle, G. M. "Sumners' Method." Condensed and Improved. 

(Science Series No. 124.) i6mo, 050 

Seaton, A. E. Manual of Marine Engineering Svo 8 00 

Seaton, A. E., and Rounthwaite, H. M. Pocket-book of Marine Engi- 
neering i6mo, leather, 5 00 

Seeligmann, T., Torrilhon, G. L., and Falconnet, H. India Rubber and 

Gutta Percha. Trans, by J. G. Mcintosh Svo, "500 

Seidell, A. Solubilities of Inorganic and Organic Substances Svo, 3 00 

Seligman, R. Aluminum. (Metallurgy Series.) (/n Press.) 

Sellew, W. H. Steel Rails 4to, *io 00 

Railway Maintenance Engineering i2mo, *2 50 

Senter, G. Outlines of Physical Chemistry i2mo, "2 00 

Text-book of Inorganic Chemistry i2mo, '^s 00 

Sever, G. F. Electric Engineering Experiments Svo, boards, *i 00 

Sever, G. F., and Townsend, F. Laboratory and Factory Tests in Elec- 
trical Engineering Svo, *2 50 

Sewall, C. H. Wireless Telegraphy Svo, *2 00 

Lessons in Telegraphy "mo, *i 00 
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Sewell, T. The Construction of Dynamos 8vo, *3 oo 

Seston, A. H. Fuel and Refractory Materials izmo, *2 50 

Chemistry of the Materials of Engineering i2mo, *2 50 

Alloys (Non-Ferrous) 8vo, *3 00 

Sexton, A. H., and Primrose, J. S. G. The Metallurgy of Iron and Steel. 

8vo, *6 50 

Seymour, A. Modern Printing Inks 8vo; *3 00 

Shaw, Henry S. H. Mechanical Integrators. (Science Series No. 83.) 

i6mo, 

S-haw, S. History of the Staffordshire Potteries 8vo, 

Chemistry of Compounds Used in Porcelain Manufacture. .. .8vo, 

Shaw, T. R. Driving of Machine Tools i2mo, 

Precision Grinding Machines i2mo, 

Shaw, W. N. Forecasting Weather 8vo, 

Sheldon, S., and Hausmann, E. Direct Current Machines i2mo, 

■ ■ Alternating Current Machines i2mo, 

Sheldon, S., and Hausmann, E. Electric Traction and Transmission 

Engineering lamo, 

Physical Laboratory Experiments, for Engineering Students. .8vo, 

Shields, J. E. Notes on Engineering Construction i2mo, 

Shreve, S. H. Strength of Bridges and Roofs 8vo, 

Shunk, W. F. The Field Engineer i2mo, f abrikoid, 

Simmons, W. H., and Appleton, H. A. Handbook of Soap Manufacture, 

8vo, 

Simmons, W. H., and Mitchell, C. A. Edible Fats and Oils 8vo, 

Simpson, G. The Naval Constructor i2mo, f abrikoid, 

Simpson, W. Foundations 8vo. (In Press.) 

Sinclair, A. Development of the Locomotive Engine. . . 8vo, half leather, 
Sindall, R. W. Manufacture of Paper. (Westminster Series.). .. .8vo, 

Sindall, R. W., and Bacon, W. N. The Testing of Wood Pulp 8vo, 

Sloane, T. O'C. Elementary Electrical Calculations i2mo, 

Smallwood, J. C. Mechanical Laboratory Methods. (Van Nostrand's 
Textbooks.) i2mo, f abrikoid. 

Smith, C. A. M. Handbook of Testing, MATERIALS 8vo, 

Smith, C. A. M., and Warren, A. G. New Steam Tables 8vo, 

Smith, C. F. Practical Alternating Currents and Testing 8vo, 

Practical Testing of Dynamos and Motors 8vo, 

Smith, . F. A. Railway Curves i2mo| 

Standard Turnou ts on Americ an Railroads i2mo, 

Maintenance of Way Standards i2mo, 

Smith, F. E. Handbook of General Instruction for Mechanics . . . i2mo, 
Smith, G. C. Trinitrotoluenes and Mono- and Dinitrotoluenes, Their 

Manufacture and Properties i2mo. 

Smith, H. G. Minerals and the Microscope i2mo 

Smith, J. C. Manufacture of Paint 8vo,' 

Smith, R. H. Principles of Machine Work i2mo, 

Advanced Machine Work i2mo, 

Smith, W. Chemistry of Hat Manufacturing i2mo, 

Snell, A. T. Electric Motive Power 8vo, 

Snow, W. G. Pocketbook of Steam Heating and Ventilation. (In Press.) 
Snow, W. G., and Nolan, T. Ventilation of Buildings. (Science Series 

No. s.) . . i6mo, o so 

Soddy, F. Radioactivity 870, *3 00 
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Solomon, M. Electric Lamps. (Westminster Series.) 8to, *2 00 

Somerscales, A. N. Mechanics for Marine Engineers lamo, *a 00 

Mechanical and Marine Engineering Science 8vo, *5 00 

Sothern, J. W. The Marine Steam Turbine 8to, *i5 00 

Verbal Notes and Sketches for Marine Engineero 8vo, *9 00 

Sothern, J. W., and Sothern, R. M. Elementary Mathematics for 

Marine Engineers v i2mo, 'i 50 

Simple Problems in Marine Engineering Design lamo, 

Southcombe, J. E. Chemistry of the Oil Industries. (Outlines of In- 
dustrial Chemistry.) 8to, '3 00 

Sozhlet, D. H. Dyeing and Staining Marble. Trans, by A. Morris and 

H. Robson Bvo, *3 00 

Spangenburg, L. Fatigue of Metals. Translated by S. H. Shreve. 

(Science Series No. 23.) i6mo, 50 

Specht, G. J., Hardy, A. S., McMaster, J. B., and Walling. Topographical 

Surveying. (Science Series No. 72.) i6mo, o 50 

Spencer, A. S. Design of Steel-Framed Sheds Bvo, *3 50 

Speyers, C. L. Text-book of Physical Chemistry 8vo, *i 50 

-Spiegel, L. Chemical Constitution and Physiological Action. ( Trans. 

by C. Luedeking and A. C. Boylston.) i2mo, "i 25 

Sprague, E. H. Hydraulics i2mo, i 50 

Elements of Graphic Statics 8vo, 2 50 

Stability of Masonry i2mo, i 50 

Elementary Mathematics for Engineers i2mo, *2 50 

Stability of Arches i2mo, i 50 

Strength of Structural Elements i2mo, 2 00 

'Stahl, A. W. Transmission of Power. (Science Series No. 28.) . i6mo, 

^Stahl, A. W., and Woods, A. T. Elementary Mechanism i2mo, *2 00 

Staley, C, and Pierson, G. S. The Separate System of Sewerage. . .8vo, *3 00 

Staodage, H. C. Leatherworkers' Manual 8vo, *4 50 

Sealing Waxes, Wafers^ and Other Adhesives 8vo, *2 50 

Agglutinants of all Kinds for all Purposes i2mo, *4 50 

Stanley, H. Practical Applied Physics (/n Press.) 

Stansbie, J. H. Iron and Steel. (Westminster Series.) 8vo, '200 

Steadman, F. M. Unit Photography i2mo, '2 00 

5techer, G. E. Cork. Its Origin and Industrial Uses i2mo, i 00 

Steinheil, A., and Voit, E. Applied Optics 8vo, 500 

'Steinman, D. B. Suspension Bridges and Cantilevers. (Science Series 

No. 127.) o SO 

Melan's Steel Arches and Suspension Bridges 8vo, "300 

Stevens, E. J. Field Telephones and Telegraphs i 20 

Stevens, H. P. Paper MiB Chemist lomo, "4 2s 

Stevens, J. S. Theory of Measurements i2mo, *i 25 

Stevenson, J. L. Blast-Fumace Calculations i2mo, leather, *2 00 

Stewart, G. Modern Steam Traps lamo, *i 75 

Stiles, A. Tables for Field Engineers i2mo, i 00 

Stodola, A. Steam Turbines. Trans, by L. C. Loewenstein 8vo, *5 00 

Stone, H. The Timbers of Commerce 8vo, 3 50 

Stopes, M. Ancient Plants 8vo, *2 00 

The Study of Plant Life 8vo, '2 00 

Sudborough, J. J., and James, T. C. Practical Organic Chemistry. 1 2mo, '2 00 

Suf fling, E. R. Treatise on the Art of Glass Painting 8vo, *4 25 

Sullivan, T. V., and Underwood, N. Testing and Valuation of Build- 
ing and Engineering Materials (Jn Press.) 
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Sur, F. J. S. Oil Prospecting and Extracting 8vo, *i 00 

Svenson, C. L. Handbook on Piping 8vo, 4 oo- 

Essentials of Drafting 8vo, i sO' 

Swan, K. Patents, Designs and Trade Marks. (Westminster Series.)- 

8vo, *2 00 
Swinburne, J., Wordingham, C. H., and Martin, T. C. Electric Currents. 

(Science Series No. 109.) i6mo, 

Swoope, C. W. Lessons in Practical Electricity i2mo, 

Tailfer, L. Bleaching Linen and Cotton Yarn and Fabrics 8vo, 

Tate, J. S. Surcharged and Different Forms of Retaining-walls. (Science 

Series Ko. 7.) i6mo, 

Taylor, F. N. Small Water Supplies i2mo, 

Masonry in Civil Engineering 8vo, 

Taylor, T. V. Surveyor's Handbook i2mo, leather, 

Backbone of Perspective i2mo, 

Taylor, W. P. Practical Cement Testing 8vo, 

Templeton, W. Practical Mechanic's Workshop Companion. 

i2mo, morocco, 2 00 
Tenney, E. H. Test Methods for Steam Power Plants. (Van 

Nostrand's Textbooks.) i2mo, *2 50 

Terry, H. L. India Rubber and its Manufacture. (Westminster Series.) 

8vo, '2 00 
Thayer, H. R. Structural Design. 8vo. 

Vol. I. Elements of Structural Design *2 00 

Vol. II. Design of Simple Structures *4 00 

Vol. nr. Design of Advanced Structures (In Preparation.) 

Foundations and Masonry (/« Preparation.) 

Thiess, J. B., and Joy, G. A. Toll Telephone Practice 8vo, '3 50 

Thorn, C, and Jones, W. H. Telegraphic Connections.. . .oblong, i2mo, 150 

Thomas, C. W. Paper-makers' Handbook (In Press.) 

Thomas, J. B. Strength of Ships 8vo, 3 00 

Thomas, Robt. G. Applied Calculus i2mo (In Press.) 

Thompson, A. B. Oil Fields of Russia 4to, *y sO' 

Oil Field Development 7 50 

Thompson, S. P. Dynamo Electric Machines. (Science Series No. 75.) 

i6mo, o 50 

Thompson, W. P. Handbook of Patent Law of All Countries i6mo, i 50- 

Thomson, G. Modem Sanitary Engineering izmo, *3 00 

Thomson, G. S. Milk and Cream Testing izmo, *2 25 

Modem Sanitary Engineering, House Drainage, etc 8vo, *3 oo- 

Thomley, T. Cotton Combing Machines 8vo, *3 oo- 

Cotton Waste 8vo, *4 50 

— — Cotton Spinning. 8vo. 

First Year *2 00 

Second Year .' *4 25 

Third Year *3 50 

Thurso, J. W. Modem Turbine Practice 8vo, *4 00 

Tidy, C. Meymott. Treatment of Sewage. (Science Series No. 94.) i6mo, o 50- 
Tillmans, J. Water Purification and Sewage Disposal. Trans, by 

Hugh S. Taylor 8vo, *2 00 

Tinney, W. H. Gold-mining Machinery 8vo, *3 oO' 

Titherley, A. W. Laboratory Course of Organic Chemistry 8vo, *2 00 
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Tizard, H. T, Indicators (/« Press.) 

Toch, M. Chemistry and Technology of Paints 8to, *4 00 

Materials for Permanent Painting i2mo, *2 00 

Tod. J-. and McGibbon, W. C. Marine Engineers' Board of Trade 

Examinations 8vo, "a 00 

Todd, J., and Whall, W. B. Practical Seamanship 8vo, 8 00 

Tonge, J. Coal. (Westminster Series.) 8vo, '2 00 

T'ownsend, F. Alternating Current Engineering 8vo, boards, 'o 7S 

Xownsend, J. S. Ionization of Gases by Collision 8vo, *i 25 

Transactions of the American Institute of Chemical Engineers, 8vo. 

Vol. I. to X., 1908-1917 Svo, each, 6 00 

Traverse Tables. (Science Series No. 115.) i6mo, o 50 

morocco, i 00 

Treiber, E. Foundry Machinery. Trans, by C. Salter i2mo, i 50 

Trinks, W., and Housum, C. Shaft Governors. (Science Series No. 1 22.) 

i6mo, o 50 

Trowbridge, W. P. Turbine Wheels. (Science Series No. 44.) . . i6mo, 50 

Tucker, J. H. A Manual of Sugar Analysis Svo, 3 50 

Tanner, P. A. Treatise on Roll-turning. Trans, by J. B. Pearse. 

Svo, text and folio atlas, 10 00 
TurnbuU, Jr., J., and Robinson, S. W. A Treatise on the Compound 

Steam-engine. (Science Series No. 8.) i6mo, 

Turner, H. Worsted Spinners' Handbook i2mo, *3 so 

Turrill, S. M. Elementary Course in Perspective izmo, *i 25 

Twyford, H. B. Purchasing Svo, '3 00 

Storing, Its Economic Aspects and Proper Methods 8vo, 3 50 

Tyrrell, H. G. Design and Construction of Mill Buildings Svo, "4 00 

Concrete Bridges and Culverts i6mo, leather, *3 00 

Artistic Bridge Design Svo, *3 00 

Underbill, C. R. Solenoids, Electromagnets and Electromagnetic Wind- 
ings i2mo, *2 00 

Underwood, N., and Sullivan, T. V. Chemistry and Technology of 

Printing Inks Svo, *3 00 

Urquhart, J. W. Electro-plating i2mo, 2 00 

Electrotyping 1 2mo, 2 00 

Usbome, P. O. G. Design of Simple Steel Bridges Svo, '4 00 

"Vacher, F. Food Inspector's Handbook i2mo, 

Van Nostrand's Chemical Annual. Fourth issue 1918 . fabrikoid, i2mo, *3 00 

Year Book of Mechanical Engineering Data (/n Press.) 

Van Wagenen, T. F. Manual of Hydraulic Mining i6mo, i 00 

Vega, Baron Von. Logarithmic Tables Svo, 2 50 

Vincent, C. Ammonia and its Compounds. Trans, by M. J. Salter. Svo, *3 00 

Volk, C. Haulage and Winding Appliances Svo, "4 0° 
Von Georgievics, G. Chemical Technology of Textile Fibres. Trans. 

by C. Salter 8vo, 

Chemistry of Dyestuffs. Trans, by C. Salter Svo, *4 So 

Vose, G. L. Graphic Method for Solving Certain Questions in Arithmetic 

and Algebra (Science Series No. i6.) i6mo, o 50 
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Vosmaej:, A. Ozone 8vo, *2 50 

Wabner, R. Ventilation in Mines. Trans, by C. Salter 8vo, *6 50 

Wade, E. J. Secondary Batteries 8vo, *4 o* 

Wadmore, T. M. Elementary Chemical Theory i2mo, 'i 5° 

Wagner, E. Preserving Fruits, Vegetables, and Meat.,. lamo, *3 00 

Wagner, J. B. A Treatise on the Natural and Artificial Processes of 

Wood Seasoning 8vo, 3 oo- 

Waldram, P. J. Principles of Structural Mechanics i2mo, *3 00 

Walker, F. Dynamo Building. (Science Series No. 98.) i6mo, o 50 

Walker, J. Organic Chemistry for Students of Medicine 8vo, ''3 00 

Walker, S. F. Steam Boilers, Engines and Turbines 8vo, 3 00 

Refrigeration, Heating and Ventilation on Shipboard lamo, *2 00 

Electricity in Mining 8vo, *4 50 

Wallis-Tayler, A. J. Bearings and Lubrication 8vo, *i 50 

Aerial or Wire Ropeways Svo, *3 00 

Preservation of Wood .-. .8vo, 4 00 

Refrigeration, Cold Storage and Ice Making Svo, 5 50 

Sugar Machinery , i2mo, *z 5a 

Walsh, J. J. Chemistry and Physics of Mining and Mine Ventilation, 

izmo, *2 00 

Wanklyn, J. A. Water Analysis izmo, 2 oo. 

Wansbrough, W. D. The A B C of the Differential Calculus izmo, *2 50 

Slide Valves i2mo, "2 00 

Waring, Jr., 6. E. Sanitary Conditions. (Science Series No. 31.) .i6mo, 050 

Sewerage and Land Drainage , *5 00 

Modern Methods of Sewage Disposal i2mo, 2 oa 

How to Drain a House i2mo, i 25 

Warnes, A. R. Coal Tar Distillation Svo, *5 oc- 

Warren, F. D. Handbook on Reinforced Concrete i2mo, *2 50- 

Watkins, A. Photography. (Westminster Series.) Svo, *z oa 

Watson, E. P. Small Engines and Boilers i2mo, i 25 

Watt, A. Electro-plating and Electro-refining of Metals Svo, *4 50^ 

Electro-metallurgy i2mo, i 00. 

The Art of Soap Making Svo, 3 00 

— Leather Manufacture Svo, *4 00 

Paper-Making Svo, 3 oo- 

Webb, H. L. Guide to the Testing of Insulated Wires and Cables. i2mo, i 00 

Webber, W. H. Y. Town Gas. (Westminster Series.) Svo, *2 00 

Wegmann, Edward. Conveyance and Distribution of Water for 

Water Supply Svo, 5 00 

Weisbach, J. A Manual of Theoretical Mechanics Svo, *6 00 

sheep, *7 50- 

Weisbach, J., and Herrmann, G. Mechanics of Air Machinery. .. .Svo, *3 75 

Wells, M. B. Steel Bridge Designing Svo, *2 50- 

Wells, Robt. Ornamental Confectionery i2mo, 3 00. 

Weston, E. B. Loss of Head Due to Friction of Water in Pipes, .izmo, *i go- 

Wheatley, 0. Ornamental Cement Work Svo, *2 25. 

Whipple, S. An Elementary and Practical Treatise on Bridge Building. 

Svo, 3 oa 
White, C. H. Methods of Metallurgical Analysis. (Van Nostrand's 

Textbooks.) izmo, z 5a 
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White, G. F. Qualitative Chemical Analysis i2mo, *! 25 

White, G. T. Toothed Gearing i2mo, '2 25 

White, H. J. Oil Tank Steamers i2mo, i 50 

Whitelaw, John. Surveying 8vo, 4 50 

Widmer, E. J. Military Balloons 8vo, 3 00 

Wilcox, R. M. Cantilever Bridges. (Science Series No. 25.; i6mo, o 50 

Wilda, H. Steam Turbines. Trans, by C. Salter i2mo, 2 50 

Cranes and Hoists. Trans, by C. Salter i2mo, 250 

Wilkinson, H. D. Submarine Cable Laying and Repairing 8vo, *6 00 

Williamson, J. Surveying 8vo, *3 00 

Williamson, R. S. On the Use of the Barometer 4to, 15 00 

Practical Tables in Meteorology and Hypsometery 4to, 2 50 

Wilson, F. J., and Heilbron, I. M. Chemical Theory and Calculations. 

i2mo, ^i 25 

Wilson, J. F. Essentials of Electrical Engineering 8vo, 2 50 

Wimperis, H. E. Internal Combustion Engine 8vo, *3 00 

Application of Power to Road Transport i2mo, *i 50 

Primer of Internal Combustion Engine lamo, *i 00 

Wincfaell, N. H., and A. N. Elements of Optical Mineralogy 8vo, ''3 50 

Winslow, A. Stadia Surveying. (Science Series No. 77.) i6mo, o 50 

Wisser, Lieut. J. P. Explosive Materials. (Science Series No. 70.) 

i6mo, o 50 

Wisser, Lieut. J. P. Modern Gun Cotton. (Science Series No. 89.) .i6mo, o 50 

Wolff, C. E. Modern Locomotive Practice 8vo, *4 20 

Wood, De V. Luminiferous Aether. (Science Series No. 85) . . . t6mo, o 50 
Wood, J. K. Chemistry of Dyeing. (Chemical Monographs No. 2.) 

i2mo, 'I 00 

Worden, E. C. The Nitrocellulose Industry. Two Volumes 8vo, "lo 00 

— Technology of Cellulose Esters. In 10 volumes. 8vo. 

Vol. VIII. Cellulose Acetate "5 00 

Wren, H. Organometallic Compounds of Zinc and Magnesium. (Chem- 
ical Monographs No. i.) i2mo, *i 00 

Wright, A. C. Analysis of Oils and Allied Substances 8to, *3 50 

Simple Method for Testing Painters' Materials 8vo, *3 00 

Wright, F. W. Design of a Condensing Plant i2mo, *i 50 

Wright, H. E. Handy Book for Brewers 8vo, *6 00 

Wright, J. Testing, Fault Finding, etc., for Wiremen. (Installation 

Manuals Series.) i6mo, *o 50 

Wright, T. W. Elements of Mechanics 8vo, *2 50 

Wright, T. W., and Hayford, J. F. Adjustment of Observations. ..8vo, "3 00 
Wynne, W. E., and Sparagen, W. Handbook of Engineering Mathe- 
matics 8vo, *2 00 

Yoder, J. H.,' and Wharen, G. B. Locomotive Valves and Valve Gears, 

8vo, *3 00 

Young, J. E. Electrical Testing for Telegraph Engineers 8vo, *4 00 

Young, R. B. The Banket 8vo, 3 50 

Youngson. Slide Valve and Valve Gears 8vo, 3 00 

Zahner, R. Transmission of Power. (Science Series No. 4o.)..i6mo, 

Zeidler, J., and Lustgarten, J. Electric Arc Lamps 8vo, *2 00 

Zeuner, A. Technical Thermodynamics. Trans, by J. F. Klein. Two 

Volumes 8vo, *8 00 

Zimmer, G. F. Mechanical Handling and Storing of Materials 4to, *i2 50 

Mechanical Handling of Material and Its National Importance 

During and After the War 4to, 4 00 

Zipser, J. Textile Raw Materials. Trans, by C. Salter 8vo, *6 25 

Zur Nedden, F. En^neering Workshop Machines and Processes. Trans. 

by J. A. Davenport 8vo, *2 00 
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